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PREFACE. 



The success attended the Lectures on ^^Tlie Practical 

Applications of Electricity,’' deliyered in the Session 1882-83, 
induced the Council to make arrangements for a second series 
in the following Session. Another of the Great Sources of 
Power in Nature was selected, namely, Heat,” and this the 
lecturers were asked to* treat in its Mechanical Applications — 
Mechanical Science being the primary object for which the 
Institution was founded. The six Lectures then given, in all 
cases gratuitously, are contained in the present volume. The 
Lecturers have well earned the thanks of their fellow members, 
and have conferred a benefit upon all Engineers and Scientists 
by their able discoxirses, often on recondite i>roblems. 
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HEAT IN IIS MECHANICAL AmiCATlOSS. 


15 NovemTaer, 1883, 
ill the Cliair. 

“The General Theory of Thermo-Dynamics.” 

By PlIOI'ESSOE OsBOIlNE Eeykolds, F.R.S.^' 

In lecturing on any Bubject, it seems to bo a natural course to 
begin witli a clear explanation of the nature, purpose, and scope 
of tlio subject. But in answer to the question — Wliat is tliermo- 
dynamics ? I fool tempted to reply — It is a very difficult suliject, 
nearly, if not quite, uidit for a lecture. The reasoning involved 
is sucb as can only bo expressed in inatliematical language. But 
this alone sbould not preclude the discussion of tbo leading features 
in popular language. The physical theories of astronomy, light, 
and sound involve CA^en more complex reasoning, and yet these 
have been rendered popular, to the very great improvement of 
the theories. Had it appeared to mo that it was the necessity for 
mathematical expression which alone stood in the way of a general 
comprehension of this subject, I should have felt compelled to 
decline to deliver this lecture, honourahle as I acknowledge the 
task to be. 

What I conceive is the real difficulty in the apprehension of the 
leading features of tliermo-d^mamics is, that it deals with a thing 
or entity (if I may so call heat) which, although wo can recognise 
and measure its effects, is yet of such a nature that wo cannot wdth 
any of our senses perceive its mode of operation. 

Imagine, for a moment, that clocks had been the work of Nature, 
and that tlio mechanism had been on such a small scale as to be 
irnporcoptible even wdtii the highest microscope. The task of 
Galileo would then have been reversed;' instead of inventing 
machinery to perform a certain object, his task would have been 
froni the observed motion of the hands to have discovered the 
mechanical principles and actions of which these motions were 


* The lioetwcr wm olooted M, last. O.E. on the 4th of December followitig. 
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tlie rcBult. Snell an effort of reason wonld be strictly parallel to 
that whicli was required for tlie discovery of tlie mecLaiiical 
principles and actions of wMcli tlie phenomena of heat were the 
result. 

In the imaginary case of the clock, the discovery might have 
been made in either of two ways. The scientific method would 
have been to have observed that the motion of the hands of the 
clock depended . on uniform intermittent motion ; this would have 
led to the principle of the uniformity of the period of vibrating 
bodies, and on this principle the whole theory of dynamics might 
have been founded. Such a theory would liavo been as obscure, 
hut not more obscure, than tlie theory of tliernio-dynamics. But 
there was another method in the case of timekcepcsrs, the one by 
which the theory of dynamics was actually brought to light — 
namely, the invention, of an artificial clock, tlie action of which 
could bo seen, and, so to Bpt,^ak, uudt'.rstuod. It was from the 
pendulum that tlie constancy of the periods of vibrating bodies was 
discovered, and from this followed the dynamical theories of 
astronomy, light, and sound. There is no great difficulty in the 
a])prehension of these theories, because they do not call for the 
creation of a nieutal }>tcture, but merely for the exaggeration or 
diminution of what wo can actually see in the cdoidv. 

Ab regards the mechanical theory of heat, however, no visible 
mechanical contrivance was discovered or recognised which 
afforded an example of this action ; appartaitly, tliorcfore, the only 
possible method was the scientific method— namely, the discovery 
of the laws of its acition from the observation of tlic phenomena 
of heat, and accepting these laws, without forming any mental 
imago of the dynamical origin, was the only method open. This is 
what the present theory of thermo-dynamieB purports to be. 

But although the theory of therm o»dymimics may ho said to have 
lieeii discovered in the form in wdiich it is now put forward, this 
is not quite true* For one of tlie discoverers of the second law, 
and the ono who had priority over the others, worked by the aid 
of a definite mechanical ItypothesiB as to the actual molecular 
motions and forces on w’-hich the phenomena of heat depend, and 
many of the most important steps in the theory are solely to he 
attributcil to hia lalxmrs. But to return to the theory. TTiis may 
be defined as including all the reasoning based on two perfectly 
general experimental !aivs, without any hypothesis as to the 
machanical origin of heat. In this form thermo-<lyimmios is a 
purely mathematical subject and unfit for a lecture. But as no 
one who hm studied the subject doubts for a moment the mechanical 
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origin of tliese laws, I sliall l»e following the spirit, if not the letter 
of my Rxliject, if I introduce a conception of the meclianical actions 
from wliicli tliOBC laws spring* And this I shall do, filttimigh I 
sliould liarilly have ventured, had it not been that, while consider- 
ing this lecture, I hit on certain mechanical contrivanctjs winch 
afford sensn>]<3 examples of the action of heat, in the same way as 
the peiiduluni is an example of the same prineipleH as those 
involved in the phenomena of sound and light. These examples, 
tlianhs to the ready aid of Mr. Forster in constructing the a])paratus, 
I am in a position to show you, and I am not without liopo that 
thcBc kinotici engines may in a great measure remove the source 
of obscurity on which I have dwelt. 

TIic general action of heat to cause matter to expand, or to tend to 
expand, is sufficiently obvious and popular. That the expanding 
matter will do work is also sufficiently obvious, hut the exact |>art 
which thcj heat plays in doing this work is vexy obscure. 

It is now known that heat performs two, and it may well be 
said three, distinct parts in doing the work. These are — 

(t) To su])plythe enei^gy equivalent to the work done, 

(2) To give the matter the elasticity which enables it to expand, 

to convert the inert matter into an acting machine, 

(3) To convey itself (/.c., licat) in and out of the matter. 

This third function is generally taken for granted in the theory 
of thormo-dynamicB. 

In order to make any use of thermo-dynamics, a knowledge of 
the expeiimental phenomena of heat is necessary; but as time 
will not permit of my entering largely into these, I have had some 
of the leading facts suspended as diagrams. One or two it will be 
'well to mention. 

Heat as a quantity is independent of temperature, the thermal 
unit taken being the amount of heat necessary to raise 1 lb. of 
water Fahrexilieit. 

Tomperaturo represents the intensity of heat in matter. Matter 
in most of its forms expands more or less uniformly as we add lieat 
to it ; hence the expansion of matter measures tempomture. Gases 
such as air expand in absolute proportion to the heat added under 
a constant pressure. 

Absolute temperature is an idea derived from the observed rate 
of contraction of gases ; they would vfaiish to nothing with the 
temperature 46 F below Koro Fahrenheit. For the other pheno- 
mena I must refer to the diagrams as I proceed. 

Our knowletlge of these facts has been' accumulating during the 
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kst two hnadred years, and it was in a very complete condition 
fortv years ago, before thermo-dynamics was bom. Ihe birtb oi 
this’sciottco may be considered as the resnlt of the recognition of 
work-l-motion against resistance— as a true measure of mechanical 
action, and of accumulated work or energy as the potency of all 
sontces of power. These ideas have bow hecome extremely 
popular, and all are able to recognise in the raised weight, the 
bent epring, the moving hammer, the same thing, energy, winch 
is measured by the amount of work which can bo derived from 

any of these sources, • , . . , 

Before the recognition of this moans of incasiiring mechanical 
potency, any definite idea of the true mechanical action of heat 
wim impossible, for we had not recognised the only mechanical 
action by which it can bo measured. 

In 1843 Joule ^ conclusively proved that, by the expenditiiro oi 
about 772 ft."lbs, a thermal unit of heat must be produced, provided 
all the work was spent in producing heat. The simplicity of the 
ideas here Involved, and the complotenesB of Joule’s proof, acted at 
once to render the first law popular. No language can bo too 
strong in which to express the importance of this discovery ; yet, 
as was long ago pointed out by liankine/ the very popularity of 
Joule’s law went a long way to obscure the fact that it did not 
constitute the sole foundation of the theory of thermoHlynamics. 
Before Joule's discovery it was recognised that heat acted a part 
in causing work to be performed. It was dearly soen that it was 
heat which caused the water to expand into steam, against the 
resistiiuco of the engine, and the necessity of hoat to cause matter 
to expand was recognised. 

To make matter do work ifc %vas only necessary ^to heat it. It 
wvmld expand, raising a weight ; and slneo after doing its xvork the 
matter was still hot, It was supposed ^that the only necessity for 
the hoat was to add increased elasticity to matter. It was seen 
that the heat that had once been used was so degraded in tempera- 
ture that it could not bo all used again. So that, although there 
was no idea that heat wm actually consumed in doing the work, it 
was seen that for amtinuoiis work a continuous supply of heat at a 
high tem|«Dratur6 was neoesBary, As regards the exact proportion 
offbeat r0C|uired for the supply of elasticity, to perform a certain 
ijuantity of work, fairly clear ideas prevailed. It was seen that 
thk depended on various circumstances. These were formulated 


* PliiloiopMaal Magasulae. 

« Bngiifw/’ dime 28, 1807 ; also reprint of EanMae’s Papers, p. 432. 
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by Carnot,^ wlio in 1824 gave a formula, wMch is c(j[ui valent to onr 
seccanl law of tliernio-dynamics, of wMch it was tlio parent. 

Kow tliis idea tluit lieat merely cansed work to 1)0 dong was not 
absnrd, as is soinetinies supposed. Indeed we may say tliat tlio 
])rcsoiit popular idea that the whole heat is convertible into work 
is mure erroneous than the old idea in the ratio of 10 to 1 ; becatiso 
the old idea tliat the function of heat is to supply elasticity 
■was right, as hir as it went, and althoiigh the present idea that the 
function of heat is to stxpply energy from wdiich tlio work is drawn 
is also right, yet in any known possihle heat-engine ten times more 
heat is necessary for the purpose of giving elasticity to matter 
than is converted into work by elasticity. This error, \vhich 
seems to be very general amongst those w^ho have not made a 
special study of the subject, may, I think, bo attributed— first, to 
the popularity of the first law of thermo-dynamics, and secondly 
to tho fact that although the second law of thermo-dynamics is 
nothing more 3 ior less than a statement of the proportion which 
tho quantity of heat necessary to produce* elasticity boars to tho 
quantity which this elasticity will convert into work, yet that 
it is the invariable custom in stating this law to omit all attempt 
to explain the pui'pose which this excess of heat serves ; the reason 
for this omission being that experiment only shows that this heat 
is necessary, and hence this is all tliat wo have a right to say. 

If sucli an error prevails it is only a popular error, for it cer- 
tainly did not affect the progress of tho science. Ko sooner did 
Joule’s law becoiuo known than it was taken up by Rankine, who, 
in 1849, piiblisliod a complete theory of thormo-dynamicB, based, 
as I have said, on a hypothetical constitution of matter. This was 
almost simultaneously followed by theories based on an improved 
form of Carnot’s reasoning by Thomson ^ and Clausius.^ 

Kankine’s theory was based on. a hypothetical constitution of 
matter. Ho invented a system of molecular motions and con- 
straints, which lie called molecular vortices, and ho then calculated 
tho effects of these motions by tho theory of mechanics. Tho fact 
that his reasoning was based on a hypothesis was considered by 


^ «Befiexions sur la Puissance Motrico du Peu.”" Also W. Tliomson, Trans, 
loy. Soo, Edin., 1840. 

® the Centrifugal Theory of Elasticity” &c., Tmns. Eoy. Soo. Ed in., 1850. 
“ On the Mecliai'iicai Action of Heat,” Tmns, Eoy. Soc, Bdln., 1850. Also reprint 
of Bankme*s Papers, 

» Berlin Academy, 1850. See also ‘‘Abhandkngen iiber die mochanische, 
Warmetheorle,” Lelpsic, 1 804-7. 

^ Tmns. Boy. Soo. Edin., 1857. Also reprint of Thomson’s Papers, 
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i many an a fault in Ms reasoning. But on tlic otlier hand, the clear 
idea tlius obtained, as to the reason of everything ho was doing, 
gave Irmi such an advantage over those who were working hy 
experimental laws, of the meaning of which they would venture 
no opinion, that ho was led to make discovery after discovery in 
advance of his competitors, wliile some of his discoveries are still 
beyond the reach of experiment. 

There was, however, a difliculty Bankiue had to face ; some pro- 
perties of matter were pointed out wbich his hypothetical matter 
did not possess. This was not much to l .)0 wondered at, for although 
Rankino had invented machinery which would account for the 
mechanical action of heat, there was no reason to suppose this 
to he the only machinery. Rankirie, with a view to the difficult 
calculationH he had to makes Jiad diosen machinery as simple as 
pcmsihle. Instead, however, of trying to complicate it, he, yielding 
to the opinioti of his coteinporaries, ado]ded the general conclusions 
to wiiich it had led him as axiomatic laws, and so cut hiinself 
adrift from his hypothesis. 

It comes to l>e, then, that the student of thermo-dynamics finds 
as a reason wby we must pass a large amouiit of heat through his 
cmgino, boHides ilmt which is converted into work, ho is to accept 
an axioiuathj law m to the greatest p(»ssiblo amount that can be 
inverted under the eiroumstancos. 

To tell a child who asks why lie cannot Iiax^e more food, that 
ho can only have 0 os?, a day, wx)uld be eotisidered cruel. So to 
tell a student wdxo wants to know wd^y, <jut of the ton million 
foot-ibs. in 1 lb. of coal, a steam-engine (jan only give one 3 uiIlion 

an work, lhat he is only ulloxved is cniel, yet this is all 

he mu have from the theory of thermo-dynamicH hused, on its 
01 peri mental laws. 

ihmkino, when compelled to abandon liis bypotliesis as the 
foundation of his thet>ry by the objections justly urged against 
it, pointed out the great diBadvantage uf a nieehanical theory 
conveying no conception of the mechanical Imsls of its laws; and 
called on all those who taught the subject, to try and find some 
popular moans of illustrating the second Iaw.‘^ 

This call was macM twenty years ago ; lint, I believe, up to the 
present time no such illustration lias bcion forthcoming. When 
uiwlertAking this lecture, J had no idea of such an illustnition, and 
1 did not intend to say much as to the reason of the second law. 


* “Eaglneer,*’ Juua 1867. 
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Bnt, as I liave said, tlireo weeks ago an idea occurred to me. It 

arose somewliat thus — 

Heat acts in matter to transform heat into work % iifolocnlar 
inecliaiiism. Having mnch. studied the subject, I have in my 
mind a. picture, right or WTong, of the mechanism, and tlio p«art 
•which heat acts. The question occurred — Is there no way of 
making a macliinc such that, althongh the parts are in visible 
motion, and the energy transformed to work is visible energy, 
yet the energy supplied shall have the characteristics of heat- 
energy, and the niachine shall act simply in virtue of the elasticity 
caused by the motion of its parts ? The question had no sooner 
arisen than several ways of carrying out the idea presented them- 
selves. The general idea of the mechanical condition wdiicli wo call 
heat is, that the particles of .matter arc in active motion ; but it is 
the motion of the individuals in a mob, witlx no common direction 
■or aim. Eankino assumed the motion to be rotatory, Tmt it now 
appears more ])roba].de that the motion in the particles is oscilla- 
tory, iindiilatory, rotatory, and all kinds of motion, 'whatsoever ; 
80 that the communication of heat to matter means the commxmi- 
eation of internal agitation — mob agitation. If, then, we are to 
make a machine to act the part of hot matter, wo must make a 
inacliino to perforin its work in virtue of the communication of 
internal promiscuous motion amongst its parts. The action of 
lieat-mechanisiu to do work is simply tliat of e.xpansion of volume, 
or the increased effort to expand owing to increased agitation. I 
first tried to think of some working arrangements of small bodies 
which should forcibly expand when shaken ; but it appeared that 
it would be much easier to effect a contraction. Tins wms as good. 
As long as any definite alteration in shape could be produced 
against resistances by a definite amount of agitation in its parts, wo 
should liave a machine illustrating the action of the heat engine. 

Suppose wo want to raise a bucket from a well. Our best way 
is to pull or wind up the rope, but that is because the energy wo 
employ is in a completely directable form. >Supposo we had no 
such directable energy, but could only shake the rope, it having 
been first made fast at the top (Bhg. 1 , next page). Then, it being 
a heavy rope, a chain is better; suppose wo shako the chain 
laterally, waves will run down the chain, and, if "we go on shak- 
ing, the chain will assximo a continuously changing sinuous form 
(Figs. 2 and 3 ); and, as the chain does not stretch, the bucket 
must 1)0 raised to allow for the sinuosities. The chaiix will have 
changed its mechanical cdiaracter, and from being a tight line or 
tie in a vertical direction, will possess kinetic elasticity, that is, 
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elasticity in virtue of its motion, causing it to contract its vortical 

loiigtli. 

The Inickot will be raised, altliougli not to tbe top of tbe well, 
and w'ork will have been done in raising it, l:)iit tlie work spent in 
Hliakiiig the chain will be not only tlio equivalent of the work 
sj)ent in raising tbe bucket, but also of all tlio kinetic agitation in 
tbe ebain necessary to raise tbe bucket. Having raised tbe bucket 
as far as possible with a certain power of agitation, if tbe supply 
of agitation be exit off, then that already in tbe chain wili sustain 
the bucket until it is destroyed by friction, when tbe bucket will 
gradually descend. 

But if wo want to do more work, to raise another bucket, we 
may take that wbieli is raised off at tbe level at wbicli it is raised ; 
then, to get tbe chain down again, we must allow the agitation to 

Eio. h Eig. 2. Fig. 3. 


uie out, /.e., allow it to cool; thou, attaching ariotber bucket, to raiKSO 
tbiH, wo sball again have to supply the same beat, perform the 
same work, «.f., the work to I’alse tbe bucket, and tbe agitation- 
energy of the ebain. ^J%ub ’wo see that tlie energy necessary to 
tbe working of the maclune HcrvoH two jnirposes, if; supplies the 
noeessary to mise tbe bucket, and tb<3 energy necessary to 
convert tbe chain from an inextenBible tie into an elastic contracting 
system, capable of raising tbe weight, neither of which portions 
of energy m agaitx servioeablo after the bucket has been raised. 
Ibo one i>ortioB is alremly converted into wwk, and the other, 
altbougb^ still In c^xiHtence in the chain as energy, can only sustain 
the iwition of the chain. Before it coukl be usch! to do more work 
it must to got out of the chain and hack again, which is just tha 

tbing you cmimt do ; we can get some of it out and some of it back 
but not all ^ 
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It ixmst not lie supposed tliat this method of raising a hnchet hy 
shalviiig the rope is recommended as the best means. No one would 
dream of using it if we could get a direct pull, but that is* nothing 
to the point. '\Vo are considering the action of heat, and we have 
limited ourselves to using energy of the same kind that heat 
supplies; that is, energy in the form of promiscuous agitation, 
absoluttdy without direction, so that the question is, how can we 
raise tlie bucket by shaking ? 

I fetd that there is a childish simplicity about this illustration, 
that may at first raise the feeling of “ Ahana and Pharpar, rivers 
of Damascus,” in the minds of some of my hearers, but, should 
this be the case, I have every confidence that calm rcfioction will 
ha, VC the same efiect as on Naaiuan. 


The case of the shaken rope, as I have put it, is no more illustra- 
tion of the action of heat, l>ut an instance of the same application 
of the same principles. The sensible energy in the shaking rope 
only differs from the energy of heat (in a bar of metal) in the scale 
of the motion ; we sec the motion in the chain but not in the bar, not 
ItecauBo the molecules of the bar are moving slower, but because 
the scale of motion is infinitely smaller. The temperature of the 
bar from absolute zero measures the mean square of the velocity of 
all its parts, multiplied by some constant depending on the masf^ 
of the parts which are moving together ; so the mean square of 
tlio velocity of the chain multiplied by the weight per foot of the 
chain really represents the absolute temperature of the sensible 
energy in the chain. 

The apparatus w'hich I have on the table is an obvious adapta- 
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tiou of the rope and the bucket. There are three different iUustra- 
tions apparently very different in form, but all working by the 

Baiiio ].)Kiioiple» 

Here is tlio cliain (Figs. 1, 2, 3), Ly tlie slialdiig of wMcli 
Addition of promiscuous energy) a weight of 2 lbs. is raised 
d feet, or foot-lbs. of work done ; here is another sort of chain, 
a series ol parallel horizontal bars of wood, connected and sus- 
pended^ by two strings (Figs. 4, 5, and 6). By giving a circular 
oscillation to tho upper bar, the whole apparatus is sot into a 
twisting motion (agitation) ; tho strings are continually bent, and 
1 16 vertical letigtli of the whole Byntem is sliortcnetl, and a weight 
of to lbs. or tho huckct of tho pump is caused to rise, raising- 
water jjist as if we hoiled water under tho jiiston of a steam-engine. 
1.0 got tho bucket down again for .another stroke, wo must (iuiet 
(or cool) tho chain, just as wo must eondonso the steam, and the 
energy taken oTit oi tho chain in quieting corrc.sponds exactly 
with tho lieat that must he taken out of the steam in order to 
condense it. 

Iho waves t>f tho sea constitute a source of energy in tho 
lorm of sensihio agitotion ; hut this energy cannot be used to 
uork c!ontinu(m.sIy one of these kinetic-machines, for exactly the 
same iVmson as tho heat in tho bodies at tlie mean tomporaturo of 
tho earth’s surface cannot Iw used to work heat-engines. A chain 
attochod to a ship’s mast in a rough sea would become tdastic with 
aptation, but this elasticity could not bo used to raise cargo out 
oi the hold, because it would Iw a constant fiuantit\' as lone: as 

tbe roughness of the sea lasted. “ 

In practical mechanics wo have no source of energy consisting 
oi seimible agitation, heaides the waves of tho sea ; so that there has 
been no demand for these kinetic engines to transform sensihio moh- 
oneigy mto work ; liad there been, ] might have patented my idea, 
though probably it would have long ago been discovered. But there 
has been a demand for what we may call sensihio kitietic elasticity, 
to porionn for sensihio motion the part which tlio ho.at elasticity 
Informs hi the thermometer, and for this purpose the principle 
«{ tho kinetic machine was long ago .applied by Watt. Tho 
common governor of a steam engine acts by kinetic elasticity, which 
elasticity, depending on the speed at which tho governor is driven 
enables the governor to contract as tho speed increases. Tho 
motion of the governor is not of tho form of promiscuous agita- 
tion, but, though systematic, all tho motion is at right angles to 

toe direction of operation, so that tho principle of its action is 

HA© Wiino. 
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Tlie Idnetio elasticity of the governor performs the same part 
as the heat elasticity in the matter of the thermometer ; the first 
measiires by contraction the velocity of the engine, and tlm other 
mcasnres by expansion the velocity of the molccnlcs of the matter 
by which it is siirronnded, so that we now see that while meaBiir- 
ing the speed of sensible revolution, we are performing on a 
dilferent scale the same operation as measuring the temperature of 
bodies which depends on the molecular velocities, and that cpiite 
unconsciously we have constnxeted instruments to perform the t^fo 
similar operations which act by means of the same mechanical 
action, namely, kinetic elasticity. 

These kinetic examples of the action of heat must not bo ex- 
pected to simplify tlie theory, except in so far as they give the 
mind something definite to grasp ; what they do is to sul}stitiite 
something we can see for what we can barely conceive. 

The theory of thcrmo-dpiamics can bo dedxxced from any one of 
tliese kinetic examples ]>y the application of tlio principles of 
mechanics ; sxxcli application involves complex dynamical reason- 
ing, such as (.‘an only be executed by the aid of mathematics, and 
would bo altogether unfit to inti'oduco into a lecture. I shall 
therefore^ jxass on to some considerations resulting from the theory 
of tlicrmo-dynainicB. 

The discovery of the two laws have enabled us to perfect and 
complete our experimental knowledge of the phenomena of heat. 
But probably the greatest practical use is that these t’vv-o laws 
enable us to calculate with certainty, from the experimental proper- 
ties of any matter, the extreme potency of any soxirce of power. 

Thus we find by experiment that a poxxnd of coal burnt in a fur- 
nace yields foxxrteen to sixteen thousand thermal xinits of heat. The 
first law, Joxile’s law, tells xis at once that this is equivalent to from 
11,000,000 to 13,000,000 foot-lbs. of energy. But this is not, as 
seems to be generally supposed, the ixower of coal. The second law 
of thermo-dynamics tells us that in order that this energy might 
1)0 realised, it must be capable of being developed at an infinite 
temperature, whereas vre know that this cannot be the case ; and 
there is a growing idea that the temperature at which coal will 
burn is not so extremely high, about 3,000® Fahrenheit. Taking 
this temperature, and assximing the temperature of the atmo- 
s|)hero to be 60®, we have for the proj)ortion of the heat of coal, 

2040 

that we could with a perfect engine call powei*, about 

80 per cent., or from 9,000,000 to 11,000,000 foot-lbs. 

Again, we know the heat properties of all known licpxids and 
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gancB, BO that we can, by the Becond law, tell the greatest possible 
proj)ortioB of the heat recoiYecl, which can bo converted into power 
■"by any of' these- agents. 

In the stoain-engino, for instance, we see that the present limits 
of art restrict the temperatures absolutely to 400'^, and practically 
the limits are much less ; wliiio the lowest teinperaturo that can 
be worked to in a condenser is lOO'^. Then, as the limit to the 
possiljility, we have one4hird as the greatest proportion, or three 
dlit of the nine million foot-lbs. 

The greatest actual achievement by Mr, Perkins has been 
about two million^, while the best engines in use only give us a 
little over one million, or about one-ninth of the possible realizable 
portion between 3,000^ and the mean temperature of the earth’s 
surface. - 

I cannot here enter upon these, but the reasons why higher 
temperaturoB cannot bo used in the steam-engine are obvious 
enough. 

The same reasons do not apply to Jiot air as an agent. This 
may be worked at much greater teuiperatiires ; and about thirty 
years ago, as soon as it appeared from the science of thermo- 
dynamics that the limit of efficiency depended on the range of 
temperature, attention was much directed to air as a substitute 
for steatn. The attempts tluui made failed ^through what were 
then called practical, or art difficulties. 

Just at the present time the possibility of other hcat-ongincs 
than steam-engmcB is again come to the front; and as this is bo^ 
it Booms desirable to call aiteiition to a circumstaijco connected 
with hcMit-engines whitffi has as yet occupied quite a subordinate 
place In the theory of heat-enginoR, Tins is the law as to the rate 
at which heat can bo made to do work by an agcait, such as steam 
or air. The greatest I'ajssUdo efficiency of tlje agent, he., the pro 
}>ortion wliudi the woi’k dune bears to the meehanieal equivalent 
<)f the heat spent, is a matter of fiuKlauiental iin])urtaiico ; but 
the rapidity witli which the lieat. can be so transformed ■with a 
given amount of apparatus, as an engine of a given weight, is a 
matter of at least as great importance. 

Wliicli would be the best engine for a steamboat ; one that 
would develop 20 HP, for every ton gross weight, consuming 
2 lbs. of coal per IIP. per hour, or one that only gave 2 HP. , per 
ton weight, '1t||d only consumed 1 lb. of coal ? Unquestionably 
the former; yeK|iltherto the question of heat-economy has been 
considered theore^cally, to the exxdusion of time-economy* Yet 
the ktier forms a*Nteitimato part of the subject of tbermo- 
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dynamics, and lias played a greater part in the selection of 

steam as the fittest agent than the consideration of the heat- | 

economy. * I 

In tlie theory of tliermo-dpiamics it is assumed that the %Yorlviiig | 

agent, he it water or any other, can ho heated np and cooled down at | 

pleaBiire, -svithont any consideration as to the time takoii for these | 

operations, which are considered to bo mere mechanical details. ^ 

Yet in the science of heat a groat amount of labour has been 
spent ; a great amount of knowledge gained as to the rate at wliick 
heat will traverso. matter. And more than this ; it is well known 
that heat cannot ho made to enter and leave matter without a 
certain loss of po*wer, nc., a certain lowering of the working range 
rd temperature. It is by heat that heat is carried into the suif}- 
stance ; and hence, as I have indicated, there is a third law of 
thermo-dynamics relative to this transmission. Heat only flows 
down the gradient of temperature, and in any particular substaneo 
the rate at which heat flows is proportional to the gradient of 
tomperature. ITence to get the heat from the source or furnace 
into the working substance a certain time must be consumed, and 
tiiis time diminishes as the difference of tomporaturo of the furnace 
and the working substance increases. 

The examples of the kinetic engines which I have shown you 
well illustrate this. If we shako the end of a chain, the wriggle 
]Hisses along the chain at a given speed. It appears that an 
interval must elapse between the first shaking of tlie chain 
and the establishment of sufficient agitation to move the bucket ; 
a further interval before the bucket is completely raised ; and 
further still, another interval must elapse before the chain can. 
be cooled again for another stroke ; so that this kinetic engine 
will only work at a given rate. I can increase this rate by 
shaking harder, but then I expend more energy in proportion to 
the work done. 

TMs exactly corres];>oiids with what goes on in the steam- 
engine, only, owing to the ageiit w'ater being heated, expanded, 
and cooled severally in the boiler, cylinder and condenser, the 
wnncction is somewhat confused. 

But it is clear that for every HP. something like 15 million 
foot-pounds of power have to pass from the furnace into the boiler. 

As out of this 15 we cannot use more than 2 million, the reraabiing 
13 arc available for forcing the heat from the products of com- 
bustion into the water, and out of the steam into the condensing 
water, and they are usefully employed for this purpose. 

The boilers aro made BmaU enough to produce sufficient steam, 
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and tliiB size is determined by tTie difference of tlie internal tein- 
]>eratnre of tlio gases in tbe fnmaco and tlie water in tbe boiler, 
and whatever diminisbes tMs difference would necessarily in- 
crease the size of tbe beating surface, t.e., tbe weight of tbe 
engine. Tbe }>ower wbicb ibis differcnco of temperature represents 
cannot bo realised in tbe Bteam-engino, so that it is most use- 
fully employed in diminisbing tbe necessary size of tbe boiler. 
Still it is an important fact to recognise that our present steam- 
engines recpiire tlio expenditure of more than five times as inucb 
of tbe power of tbo beat {not of tbe boat) in getting tbe beat 
into tbe working substance as in performing tbo actual operation. 
This loss of power does not so nmcb occur in tbo resistance of 
tbo metal wbicb sei»aratcs tbo furnace from tbo water as in the 
roBistanco of the gases. Gas is a very bad conductor ; and though 
a tbin layer adjacent to tbo plates is always considerably cooled, 
little further cooling goes on until, by tbo internal currents, this 
layer is rcinovod, and a Irosb liot layer substituted in its place. 

Similar roBistance would occur inside tbe boiler between tbe 
water and tbe hot plate, nay does occur, until tbe water begins to 
boil, but then tbo evajjoration of the water takes place at tbe bet 
surface, and every particle of "water boiled absorbs a great deal of 
boat, which leaves tbe surface in the form of bubbles, allowing 
froib water to come up. 

If we bad air msidc tbe boiler instead of -water, we should 
ref|uire from five to ton times tbo surface to carry off the same 
hmt, wdiicb is a sufficient reason why what are called hot-air 
engines cannot answer, even did not ibo same argument bold with 
enormously greater force in tbo condenser. 

Btoaru is as bad a conductor of beat m air as long as it does not 
^ condense, but, in eomlensing, steam will conduct lieafc to a cold 
giirface at an almost infinite rate, for m tbo steam comes uj> to tbe 
surface it is virtually aniubilated, leading room for fresh steam to 
follow, wbicb it wall do if necessary with the velocity of sound. 
If, however, tboro is tbe leaat incondensable air in tbe steam this 
will be left iis a layer against the fresh steam. Some years ago I 
made somo experimenis on this subject, wfoicb showed that 5 or 10 
pr cent, of air in tbo steam would virtually prevent condensation. 

If a flask be boiled till all tbe air is out, and nothing but pure 
steam is left, and if tbe flask be tben closed and a few drops of cold 
water inirodtieed, tbe proesure instantly falls to zero, though it 
Iminwliaicly recovers from tbo boiling of the water in the flask. If 
BOW a little air be admitted, and allowed to mix with tbo steam, 
tbo few drop of water produce scarcely any effect. 
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The hioility with which steam carries heat to a cold surface is 
hoth an enormous advantage and some drawback; as compared 
wnth air it is an enormoii>s advantage in enabling the steaiii to bo 
cooled in the condenser. But during the working of the steam in 
the cylinder, when the steam is wanted to keep its heat, the 
hicility with which it condenses is a great drawback, and necessi- 
tates the keeping of the cylinder hotter than the steam hy a 
steam-jacket. For this part of its work the non-conductivity of 
incondensable air is a great advantage.. 

Ill divelling thus on the conducting powers of air and steam, 
my purpose has been to prepare the way for a few remarks I wish 
to make on another form of heat-engine — the engine in which 
the heat is generated in the working substance itself. 

Tlio combustion-engine, in the form of the cannon, is tlio oldest 
form of heat-engine. Here the chemically separate elements in, 
the form of gunpowder ai:e the working substances put into the 
cylinder; they take in with them the potential energy of 
chemical separation, which by means of a spark take the kinetic 
form of heat. Here there is no conduction, the kinetic elasticity 
propels the shot, and all the heat over and above that used in 
imparting energy to the shot is lost. The advantages of this form 
of engine are two. There is no time necessary for conduction, and 
as the gas generated is not condensable, there is little loss of heat 
by conduction to the cold metal. 

These two advantages are very great, but ,I should not have 
mentioned them in reference to guns were it not that there 
appears to bo the dawning of an idea of taming this form of 
engine so as to substitute it for the steam-engine. To do this 
it is necessary to introduce coal or coal-gas ; — and oxygen in the 
form of air in -placo of gunpowder. The thermo-dynamic theory 
applied to such engines shows that they should possess great 
advantages over the steam-engine in point of economy. And the 
considerations I have brought forward as to the loss of the powder 
of heat in the transference of heat from the furnace to the boiler 
seem to promise such engines an enormous advantage in rate of 
work, while the substitution of a non-condonsablo gas for steam 
in the cylinder seems to get over the art-diffieiilty of making 
cylinders to work under high temperatures. W© cannot expect 
any piston to woi*k in a cylinder of over 300*^ or 400*^ tempera- 
ture, but wdth non-condensing gases the cylinder may be kept 
cool' with little cooling effect on the gases contained in it, even 
if the temperature of them is 3,000^. This will be the ease if the 
gas in the cylinder is not in a violent shite of internal agita- 
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“ On the Generation, of Steam, and the Thermodynamic 
Problems Invoked.” 

By "William Anderson, M. Inst. C.E. 

It will not he necessary to commence this lecture by explaining 
the origin of fuel ; it will he sufficient if I remind you that it is 
to the action of the complex rays of the sun upon the foliage of 
plants that we mainly owe our supply of coinhustihles. The tree 
trunks and branches of our forests, as well as the subterranean 
deposits of coal and naphtha, at one time formed portions of the 
atmosphere in the form of carbonic acid gas ; that gas was decom- 
posed by the energy of the solar rays, the carbon and the 
oxygen were placed in positions of advantage with respect to each 
other — endowed with Potential Energy ; and it is my duty this 
evening to show how we can best make use of these relations, and 
by once more combining the constituents of fuel with the oxygen 
of the air, reverse the action which caused the growth of the plants, 
that is to say, by destroying the plant reproduce the heat and light 
which fostered it. 

The energy which can be set free by this process cannot be 
greater than that derived originally from the sun, and which, 
acting through the frail mechanism of green leaves, tore asuuder 
the strong bonds of chemical affinity wherein the carbon and 
oxygen were united, converting the former into the ligneous por- 
tions of the plants and setting the latter free for other uses. The 
power thus silently exerted is enormous ; for every ton of carbon 
separated in twelve hours necessitates an expenditure of energy 
represented by at least 1,058 HP., but the action is spread over 
an enormous area of leaf surface, rendered necessary by the small 
proportion of carbonic acid contained in the air, by measure only 
hence the action is silent and imperceptible. 

It is now conceded on all hands that what is termed heat is the 
energy of molecular motion, and that this motion is convertible 
into various kinds, and obeys the general laws relating to motion. 

[the INST. C.E. LECT. VOL. II.] ^ 
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Two mibstances brought within the range of chemical affinity 
unite with more or less violence ; tho motion of transition of the 
particles is transformed, wholly or in part, into a vibratory or 
rotatory motion, cither of tho particles themselves or of the inter- 
atomic other; and according to tho rxnality of the motions we are, 
as a rule, besides other effects, made conscious of heat, or light, or 
of both. When these emanations come to be examined they are 
found to be complex in the extreme, intimately bound up together, 
and yet capable of being separated and analysed. 

As soon as tho law of definite chemical combination %vas firmly 
ostabbshod, the circumstance that changes of temperature accom- 
panied most chemical combinations was noticed, and chemists were 
not long in suspecting that the amount of heat developed or 
absorbed by chemical reaction should he as much a iiroperiy of 
tho substances entering into combination as their atomic wei<4ts 
feolid ground for this expectation lies in tho dynamic theory of 
heat. A liody of water at a given height is competent, by its fall 
to prodnee a elefimto ami invariable quantity of heat or work and’ 
in tm saino way two subBtaneos falling together in choinical union 
acquire a definite amount of kinetic energy, which, if not expended 
m the work of molecular changes, may also, by suitable arrango- 
i^ts, bo made to manifest a definite and invariable quantity of 

At the end of last century Lavoisier and Laplace, and after 
them, down to our own time, Dulong, Desprete, i’avro and Silber- 
mann, Andrews, Berthelot, Thomsen and others, devoted much 
tune and latoiir to the experimental determination of tho heat of 
combustion and tho laws which governed its development. Messrs, 
h awe and feilhermann, in particular, between tho years 1845 and 
18m., earned out a splendid series of experiments by moans of the 
appratus partly represented in Fig. 1 , which is a drawing one- 
thiid the natural size of tho calorimeter employed. ^ 

It coiiswtcd cssontially of a combustion chamber formed of thin 
TOjpper, gilt lb totally. The upper part of tho chamber was fitted 
with a coyer through wliich the oomlrastiWo could be introduced 
with a pipe for a gas jet, with a peop-holo dosed by adiathem 
manous but transparent substances, alum and glass, and with a 
lanch leading to a thin copper coil surrounding the lower pait of 
the chamber and descending Mow it. The whole of this portion 
of the apparatus was plunged into a thin copper vessel, silvered 
ntomaliy and filled with water, which was kept thoroughly mixed 
by means of agitators. This second vessel stood inside I third ono 
the bides and bottom of which were oovcml with tho skins of swans 
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It IB iriiposgiMo not to admire the ingemiitj and bMII exhibited 
in the details of the apparatus* in the variona aeccBaorloH for 
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srencratin? and storing tlio gases used, and for absorbing and 
\vcin-liin«-" tlie products of combustion; but it is_ a matter oi 
rc' ■•ref that tbe exporiments sbould have been carried ou on so 
small a scale. For example, the little cage which held 
fuel tested was only J incli diainctor by l)arcly - inches lii Ji, <■ - 

held only 38 grains of charcoal, the combustion occupying about 

sixteen nimiites. ^ . . ,, 

p-’avre and Silbermann adopted the plan of ascertaining the 
•R'cif'ht of the substances consumed liy calculation from the- 
weh-ht of tho products of combustion. Carbonic acid was absorbed 
by caustic potash, so also -was carbonic oxide, after having been 
oxidised to carbonic acid by heated oxide of copper, and the vapour 
of water was ahsorbod by concentrated snlplmrio acid, i he adop- 
tion of this system showed that it was, iii any ease, necessary to 
analyse tho products of comhustion in order _to detect imperfect 
acition. Thus, in tho caso of siihstaiiccs containing carhon, carhonie 
oxide was always present to a variable extent wuth tho carbonic 
acid, and corrections were nooessary in order to dotormino the 
total heat due to tho coiiiploto comhination of the suhstance wit i 

Another adv.antago gained was that tho ahsorption of tho pio- 
duc'ts of comhustion prevents any sensible silteralion in tho volumes 
during tho process, so that corrections for tho heat absorbed in 
the worlr of displacing tho atmosphoro were not required. 

Tho exporimouts on various substaneoH were repeated many 
t lines. Tbo mean rcBiiltR for tliOBO in wbieli wo aro immediately 

iiiterestod are given in Table I. i t i i .• 

CompariBon witli later detorminatioiiB have establisbed t.aeir 

BiibBtiintial aeeuraey. 

Tlio general eoncliiBkm arrived at in tliiw ntated : — ** As a rule 
tboTO IB an equality between tlio beat diHongagcd or absorbed in 
the acts, respectively, of chemical combinatiiai or decomposition of 
tho same elements, so that the heat evolved during tho combina- 
tion two simple or compound substances is equal b) the heat 
absorbed at the time of their eh ami cal segregation.’* ihis law is, 
however, subject to some apparent exceptums. Carlioii burned in 
protdxide of nitrogen, or laughing gas, produces about dB per 
cent* more heat than tho same substance burned in pure oxygen, 
notwithstanding that the work of decomposing the protoxide ot 
nitrogen has to lie performed. 

' In marsh gas, or methane, C '114, ngain, the energy of combustion 
is cjcmsiderably less than that due to the buniing of its carbon and 
hydrogen sepanately. These exceptions probably arise from the 
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Table I.—Substancjes enterino iiito ike''-C0MF0SiW0N of 'M 



1 



1 

Heat evolved in the 


Syiiitel and Atomic W'dglit* 

CombiiK^ieu of 






llb.ofFueL 

— - , ■ ■ 






In Pouiuk 


Before Com- 

After Com- S 

In Britisli 

of Watt.T 

i 

bustioti. 

bustiuu. j 

Tliertiial 

UnilM. 

Lviiporated 
from, and 







at,,ai.a® ::: 

Hydrogen burned in oxygen . i 

H . . 

' 1' 

H^O 

. IS 

62,032 

01*21 

('ar])on burned to carbonicl 
oxide . . . . . • -j 

C . . 

! 

12 

CO 

.-28, 

: 4,451 


Garijnii burned to carbonic! 

' acid . , « . . ./ 

C . . 

12 

o 

Q 

. 44 ' 

14,541 

15-00 

Carbonic oxide burned to car”\ 
bonic acid . . . . . . j 

CO . 

28 

jeo. 

. 44 

4,320 

4*48 

Oletiant gus (elhyhme) bunitl 
in. oxygen . . .. ... . .f 

0,H. . 

28 

i/2C04 

124; 

21,343 

22*01) 

!5Iarsh gas (methane) burnt in\ 
oxygen j 

OH, . 

10 

(CO, ( 

80 

23,513 

24*34 


Compoaitiou (»f air 


jhy volujRO 0;788 N + 0;^11)7 Ojh (TOOl H*0 

lliywdghf 0*771 K +’0‘21« O + 0*009 CO* + o¥i7 JlaU 


circiiiiiBtMnce that the. energy of chemical action is al)sorl)cd to a 
greater or less (]egr(M 3 in. etTecting molecular elmnges as for 
exam pie, the coml)iistion of 1 Ih. of nitrogen to form protoxide of 
nitrogen results in tlie ahsorption of 1,157 units of heat. 

Berthelot states, as one of the fundamental principles of thenno- 
cheniistry, ** that the quantity of heat evolved is the measure of 
the Slim of the chemical and physical work accomplished in tlie 
reaction : ’’ and such a law will no doubt account for tlie pheno- 
mena above noted. 

I'lie equivalent heat of combustion of tho compomids 'wo have 
practically to deal with has been experimentally determined, and 
therefore constitutcB a secure basis on which to eBtalilish calcula- 
tions of the calorihc value of fuel ; and in doing so, with respect 
to substances composed of carbon, hydrogen, and oxygen, it is 


* Ifr. 'Dewing, of the Chemical Bespartmont of the Eoyal ABonal, Wi>olw!cIi, 
lavB pointed out that the heat of combustion of hydrogen given in the Table in- 
cludes the heat liberated in condensing the vapour of water to the liquid fonn, but 
tliat in furnaces the water prmluced retain^ the gaseous state, and consequently 
the units of heat available are so much loss. One pound of hydnigen burns to 
9 pounds of water, which, If cundensed at 212^, would yield 9 x 060 ==: 8,604 units 
of heat ; lienee, In tho giiswus state, tho available heat would be 62,002 — 8,004 =» 
53,008 imits, and tho gouerai formula would liocomo-- 

'Heat of combustion ss 14,544 1 0 


-31- 





convenient to reduce tlie Iiydrogen to its licat-producing equiva- 
lent of carlDon. Tlip lieat of 001111)118110X1 of Kydrogen being 62,032 
units, ^tliat of carbon 14,544 units, it follows that 4*265, times the 
weight of hydrogen %yill represent an equivalent amount of carbon. 
With respect to the oxygen, it is found that it exists in combi- 
nation with the hydrogen in the form of water, and, being com- 
bined already, abstracts its combining equivalent of hydrogen from 
the efficient ingredients of the fuel ; and hence hydrogen, to the 
extent of of the weight of the oxygen, must be deducted. The 
general formula then becomes — 

Heat of combustion = 14,544 |0 + 4*265^11 “* 

and water evaporated from and at 212^, taking 966 units as tho 
heat nccoBsary to evaporate 1 lb. of water, 

lb. evaporated = 15*00 |o + 4*265 

carbon, hydrogen, and oxygen lacing taken at their weight per 
cent, in tho fuel. Strictly speaking, marsh gas should be sepa- 
rately determined. 

It often happens that available energy is not in a form in which 
it can be a})plied directly to our needs. The water flowing down 
from tho muimtains in the ncighb(.>urho<>d of the Alpine tunnels 
was competent to provide tlxe power necessary for boring through 
them, but it "was not in a form in which it could be directly 
applied. The kinetic energy of the water had first to bo changed 
into the potential energy of air under pressure, then, in that form, 
by suitable mechanism, it w*as used with signal success to dis- 
integrate and excavate the hard rock of tho tunnels. 

The energy resulting from eom])UBtion Is also incapable of being 
directly transformed into useful motive power ; it must first bo 
converted into tho potential force of steam or air at high tempera- 
ture and pressure, and then applied, by moaiiB of suitablo heat- 
engines, to produce the motions we require. It is probably to this 
circumstance that wo must attribute tho slowness of the hximan 
race to take advantage of the energy of combustion. The history 
of the stoain-engino hardly dates back two hundred years, a very 
small fraction of tho centuries during which man has existed, 
even since li'istoric times. 

^The apparatus by moans of wffiich the potential energy of fuel 
with respect to oxygen is converted into the potential energy of 
fitoam, wo call a steam boiler ; and although it has neither cylinder 
nor pistoUi csrank, nor fly-wheel, I claim fur it that it is a veritablo 
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heat-engiiio, l)coatiBO it transmits tlio ' nndnlatioBS and vibrations 
caused by tlio energy of cliemieal comHnatiQii in tlie fncl to tlic 
■water in tlie . boiler ; tlicso motions expend tlicmselves in over- 
coming tlie licpiid eoliesioii of tlio water and imxKirting to its 
molecules tliat vigour of motion wMcli converts tlioni into tlio 
molecules of a gas wbicli, impinging on tbe surfaces wbieb con fine 
it and form tbo steam space,- declare tbeir presence and energy in 
tlie sliapo of pressure and temperature. 

A steam pumping-engine, wMcli furnislies water under Iiigli. 
pressure to raise loads by means of hydraulic cranes, is not more 
truly a heat-engine than a simple hoiler, for the latter converts 
the latent energy of fuel into the latent energy of steam, just as 
the pumping engino converts the latent energy of steam into the 
latent energy of the pnmped-up accumulator or the hoisted 
weight. ' ' ' ' 

If I am justified in talcing this view, then I am justified in 
applying to my heat-engine the general principles laid down in 1824 
liy Sadi Carnot, namely, that the ]iroportion of work which can be 
obtained out of any substance working between two temjieratures 
depends entirely and solely upon the diiToronce between the tem- 
peratures at tliO Ixiginning and end of the operation ; that is to 
say, if T be the higher tem|:>erature at the beginning, and i the 
lower temperature at the end of the action, then the maximum 
possible work to bo got out of the subBtance will be a function 

The greatest range of temptiraturo possible or coiiceivablo is 


from the absolute tempor.aturo of the substance at the commence- 
ment of the operation down to absolute zero of temperature, and 
the fraction of this •which can he utilized is the ratio which the 
range of temperature through which the substance is working 
bears to the absolute temperature at the commencement of the 
action. If W = the greatest amount of eflect to bo expected, 
T and t the absolute temperatures, and H the total quantity of 
heat (expressed in foot-pounds or in water evaporated, as the ease 
may be), potential in the sulmtance at the Mgher temperature T 
at tho bogiiining of the operation, then Carnot’s law is expressed 
by the equation— 

w = h(1^) 


I will illuBtrate this important doctrine in 'the manner which 
Carnot himself suggesteiL 

Fig. 2 represents a hhlsido rising from the sea. Some dis- 
tanct^, up there is a lake, L, fed by streame coming down from a 




blislied a fiwtory, the turbine driving vrliicli is supplied witli water 
by a pipe descending from the lake L. Datum is the mean sea-level; 



% 
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tlio leTcl of the lake is T, and of the millpond L Q is the weight 
of water ialliiig through the turhino per minnto* The mean sea- - 
level is the lowest level to which the water can ]>ossil% fall ; 
hence its greatest x>otential energy, that of its position in. tln.^ 
lake, = Q T = II. The water is working between the absolute 
h^vdsTandf; I lonce, according to Carnot, the maximum elfect, 
‘W, to he expected is — 

\mt II = QT 

W = Q (T - 0- 

that is to say, the greatest atoonnt of w'ork wdiicli can he expected 
is found by mnltiplying the weight of water iiito the clear fall, 
wdiich is, of course, self-evident. 

Now, liO-w can tlie <|aantlty of work, to ho got out of a given 
w'cight of water, he increased without in any "way imx)roving the 
efficiency of the turlnne ? In two -ways. 

1. By collecting the water higher up the mountain, and by that 
iiicanB increasing 

2. jdaeing the turbine lotv'er down, nearer the sea, and 1>y 
that means reducing t 

]!^ow the sea-level corresponds to the absolute zero of teniprra- 
ture, and the Iieights T and t to the maxiiniun and minimum 
temperatures hetw'cen %vhich the suhstance is working, therefoi'o 
similarly, the w'ay to increase the efficiency of a lieat-engine, such 
as a boiler, is to raise the temperature of the furnace to the utmost, 
find reduce the heat of the smoke to the lowest possible point. 

It should he noted, in addition, that it is immaterial what liquid 
there may he in the lake ; wlietlier water, oil, mercury, or wdiat not, 
the law^ will equally ap|>ly, and bo in a heat-engino the nature of the 
working substance, provided that it does not change its physical 
state during a cycle, does not affect the question of efficiency wdth 
which the heat being expended is txtilized. To make this matter 
edearer, and give it a practical hearing, I will give the synihols a 
numerical value, and for this purpose I will, for the sake of sim- 
plicity, suppose that the fuel used is pure carbon, sucli as coke or 
charcoal, the heat of combustion of 'which is 14,544 units, that the 
specific heat of air, and of the products of combustion at constant 
pressure, m 0 • 238, that only sufficient air is passed through the 
lire to supply the quantity of oxygen theoretically re<|uirod for 
the combustion of the carbon, and that the tempemtiire of the air 




is at 00^ Falireiiheit = 520'' al)soIiite. The symbol T represents 
the ahsoluto tomperatnre of the furnace, a Yalne which is easily 
calcnluted in the following manner : — 

1 Ih of carbon requires 2| lbs. of oxygen to convert it into 
carbonic acid, and this quantity is furnished by 12*2 lbs. of air, 
the result being 13*2 lbs. of gases, heated by 14,544 units of heat 
due to the energy of combxistion ; therefore 


T « 520^^ 


= 5,150- absolute. 

■ n * rt . ri'On ' 


lB*21bs. X 0*238 


The lower temperature t we may take as that of the feed-water, 
Bay at 100" or 560® absolute, for by means of artificial draught 
and sufficiently extending the heating surface, the temperature of 
the smoke may bo reduced to very nearly that of the feed-water. 
Under such chcuinstanees the proportion of heat which can be 

0*891; that is.. to say, under the- 


5150- - 500- 
5150 


realised is 

extremely fiivonrablo, if not impracticable conditions assumed, 
there must l )0 a loss of 11 per c(;nt. 

Next, to give a numerical value to the potential energy H to be 
derived from a pound of carbon, calculating from absolute zero, 
the specific heat of carbon being 0*25, and absolute temperature 


^ > . 
f" ■ f 

ofair520-. 

Units. 

1 ; 

fi' 

1 Ih, carbon x 0*^25 X 520 . . . . . 

= 130 

12*2 lbs. of idr X 0*238 x 520 , . . . 

= 1,485 

Hoatofcombnsllou • * . ... . 

= 14,514 

1 ' 


16,159 

1 * 

Deduct beat equivalent to work of dls-\ 



placing atmospltero by prodneta of com- 1 

32 

If'i ' ' 

biistion raised from €0'^ to 100®, or fromi 

II; 

i! ‘f 1 * 

149*8 cubic feet to 161 * 3 cubic feet . j 


■ • ' 

a. ' 

*Fotal units of beat avaiiublo . » 

16,127 


equal to 16*69 lbs. of water evaporated from and at 212". Hence 
th© greatest possible evaporation from and at 212- from a pound 
of carbon— 

16.159 u.x0*891-- 32 ti. 


Wi 


966 u. 


14*87 lbs. 


I win now take a definite case, and compare the potential energy 
of a certain kind of fuel with the resulta actually obtained. For 
this pur|>oi6th© toiler of the 8-horse portable engine, which gained 


ANBEBSOH OH OTE OBHEEAriOK OF StCEAM. 


AOTEBSOIf ON ms OEHEBAmH OF STEAM. 


27 


tlio first prize at tlie Cardiff Show of the Royal Agriculiiiral 
Society hi 1872, wfill servo very well, because the trials, all ihe 
details of vdiicli are sot forth very fully in YoL ix. of tho Jouroal. 
of the Society, wore carried out with great care and sidll by Sir 
Frederick Bramweli and the late Mr. Meiiolaus; indeed, thf 3 only 
filed left undetermined was the temperature of the furnace, an 
umlssiou due to the -want of a trustworthy pyrometer, a w^ant 
which has not been satisfied to this dayd The data necessary for 
our purpose are : — 


Steam-pressure SO lbs., temperature . . , 

Mean temjjeratiire of smoke . . , . , 

“Water evaporated per 1 lb. of coal, from] 
and at 212'" . . . . , . . . ' 

Temperature of tile air. . . . . . . 

„ of feed- water .... 

Hcating-surfjice . . . . . . . . 

Grato-surfaco ..... . . 

Coal burnt per liouv . , . , , . , 


S24® = 7Sr ab»Iutc\ 
389^" .-= „ 

11 -83 Wm. 

60® =r 520® „ 

209® = 669® „ 

220 square feet. 

3-29 feet 
11 lbs. 


The fuel used was a smokeless Welsh coal, from the Llangen- 
Ticeli collieries. It was analysed by Mr. Snelus, of the Dowlais 
Ironworks, and in Table II. are exlubited the details of its 


* In tlio fiffcy-Hocotid volume of our Proceeding's (1877-78), page 151, will be 
found a remarkable^ experiment on tlio evaporative powc^r of a vertical Innlor 
■with internal circulating pipes, Tho experiment was conducted by Sir Fredoriek 
Bramweli and Dr. Bussell, and is remarkable in this respect, that the quantity 
of air admitted to the fuel, the loss by convection ami radiation, ami the com- 


position of the smoke were determined. 

The facts observed were as follows 

Steam pressure 53 lbs — 300*6® P. 

■ .■/Iba.", 

Fuel — Water in coke and wood 26*08 

Ash'^ V; ^ ^ 

Hydrogen, oxygen, nitrogen, and suh>hur . 7*18 


Total non-combustiblo . . . 43*79 

Carbon, being useful combustible . . . . 191*16 


Total fud 238*25 


Air per pound of carbon 17| lbs. 

Time of experiment . 4 h. 12 min. 

Water evaporated from 60® into steam at 53 lbs A ^ lha 

pressure . , . / ’ 

Heat lost by radiation and convection . . . . , 70,130 units. 

Mean temperature of chimmy 700® 

No combustible gas was found inlhe chiumey. 
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Table II. — ^PEOl^RTiEa of Llaugesnech Coal. 


Products of Com- 
bustion at 32° F. 


Oxygen 
required 
for Coin- 
bust ion. 
PouniJs. 


Cubic Volume 
Feet. Per cent. 


Ojirbon 


Hydrogen 

Oxygon 

SnlpliTir 

Kitrogcn 


0| lbs, nitrogon . , . . . . , 

€ lbs. excess of air . . . . . . 

Total cn!>ic feet of products per 1 lb. coal 


I will apply Ganiof 8 doctrine to tliie case. 

Potential energy of tba fuel with resf>ect to absoliitt^ zero— 

Units, 

288*25 lbs. X 530'^ abs. x 0*238 sr. 30*053 

104--11I lbs. X 111 X 0*238 tbo weigiit and\ 

beat of air . . . / 

104*40 X 14,544 units beat of combustion of carbon 2,828,200 

.. .Total energy ...... 3,278,313 

Heat absorbed in evaporating 20*08 lbs. of water \ 
in fuel .. ... . .... ..... . . . . . '. 


Available energy 3,248,425 

Temparature of fuinaee— 

The whole of tbo fuel was heated up, hut the heat absorbed in the evaporation 
of Urn wah*r loweml the temperature of the furnace, and must be deducted from 
the heat of eombiislion* 

Units. 

Heat of combustion. ......... 2,828,200 

„ erapoiation of 26-08 lbs. water . . . . - 29’sS8 

Arailttble boat of combustion . 2,798,312 

Wviditig by 288-25 lbs. gives the heat per 1 lb. oft „ 
fool used } = 11,745 umts. 
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composition,, and tlio weiglit and Tolnme of air required for its 
combustion. The total heat of conihustion in lbs. of water 
evaporated 

= 15-06|0-8497-f-4-265 

= 15*24 of water from and at 212'' 

= 14,727 units of heat. 

The temperature of the furnace not having been determined, wo 
iriiist calculate it on the supposition, which will he justihed later 


(' 


0*426 


0*035%) 

8 M 


n 74n 

Aticl tomperatm-o o£ furnace i8ri2iibk"x q-^S + 


Temperateo of clvimney TOO® + 460° , , . . . r= 1,160® 

a sna® — i 1 6o® 

Maxirnma duty * - ' ^ * ... . . =0*61M® 

Work of (lispladiig atmosphere l>y smoke at 700®— 

Cubic fof't. 

Volume of gases at 70® . . . , . , . . . = 228*3 

„ 700® . , . ... . . .=409*8 


Incroaso of volume , . . . . 271*5 


■ ' ■ Haits, "■■■■■' 

Work done = 13 ^ ^ 

Maximum amount of work to bo expected =3,248,425 X 0*643 = 2,101,7(H^ 
Deduct work of displacing atmosphere = 147,7*20 

Available %vork , . 1,953,980 

Actual work (lone — 

■■ ;Un!ts.:,'' ; 

1,620 lbs. of water raised from 60® and turned into steaml ^ 

Loss by radiation and convection 70,430 

10^ lbs. ashes left say at 500® 1,129 

Total work actually done .... 1,027,459 

Unaccounted for . . . . . , 26,521 

Calculated available work . 1,953,980 


TIio unaccounted for work therefore amounts to only IJ per cent, of the 
esik'uhited available work. 

Sir Frederick Bramwcdl ingeniously arranged his data in the form of a balance 
idieet, and showed 253,079 units unaccounted for ; but if from this we deduct tiic 
work h^si in displacing the air, the unaccounted for heat falls to less than 4 per 
cent, of the total lieat of combustion. These results show how (ixtremedy accu- 
rate the observations must liavo been, and that the loss mainly arises from 
c^onvection ami radiation from the boiler. 
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on, that 50 por cent, more air was admitted than was tlieoretically 
necessary to supply the oxygen required for perfect combustion ; 
this would make 18 lbs. of air per 1 lb. of coal, consequently 19 lbs! 
of gases would bo healed by 14,727 units of beat. Hence 

14,727 u. 

^ = msrx-o-.5S8 

above the temperatures of the air, or 3777’ absolute. 

The temperature of the smoko i was 849’ absolute ; lienee the 

maximum duty would bo ~ _ 0.77^0 

The specific heat of coal is very nearly that of gases at constant 
pressure, and may, without sensible error, bo taken as such The 
potential enorgy of 1 lb. of coal, therefore, witli reference to the 
oxygen with wliich it will combine, and calculated from absolute 

7Sto^ m : 

19 lb?i, of ooal ami air at tlio femporaturo of the air) 

ccmtaiiiod 19 Ibn. x 520^ x 0*298 f 

Heat of combiintion . . . . . • ' i 


Deduct heat expended in dinplacinp^ atmoi^phero 151 
cubic ^ 

Total potential energy . . , 

Heiico "Work to 1>e expected from the boiler 

006 iinitB 

of water evaporated from and at 212% corrospom; 
units, Tho actual result obtained was 11 '83 Ibi 

efficiency of this boiler was 1^- = 0-892. 

Id * Jt7 

I have already claimed for a boiler that it is a v 
engine, aiid I have ventured to construct an indicate 

llliiitrate its m^orking. 

The rate of transfer of heat from tho furnace to 
the boiler, at any given point, is someway prupoi 
tUfirorenee of temperature, and tho quantity of heat 
IS proportional to tholr tomi^ratiires. 

Draw a base line representing -460’ Fahrenheit, 
wro of temperature. At one end erect an ordimah. 
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sot off T = 3777^ tlio temporatnro of tlie furnace. At 840"’ = t, 
on the scale of tompcratiiro, draw a line parallel to the base, and 
mark on it a lengtli proportional to tko beating stirfacotof tlie 
boiler ; join* T hj a diagonal witli tlie extremity of ibis lino, and 
drop a porpondlcnlar on to tlie 5!:ero lino. The tomporatnre of tho 
water in the boiler being uniform, the ordinates boimded l>y the 
sloping line, and by the line will at any point be approximately 
proportional to the rate of transmission of heat, and tho shaded 
area above t will bo proportional to the quantity of heat imparted 
to the water. Join T by another diagonal with extremity of th.o 
lieatiiig surface on the zero line, then tho larger triangle, standing 


Fig, a 



Cardiff Show, E.A.S.B,, 1872. 


on the zero line, will reprcsoiit the whole of tho heat of com- 
bustion, and the ratio of tlm two triangles will be as the lengtlis of 


•Uieir respective bases, that is, as 




which is the expression 


' we have already used* 

Tho heating snrfaco was 220 square feet, and it was competent 
to traxisinit tho energy developed by 41 lbs. of ecml consnmed 
per lionr := 12,810 ii. x 41 ii. = 525,572 units, equal to an average of 
2,389 units per square foot per hour ; this value will coTtespond 
to the mean pressure in an ordinary diagram, for it Is a mejmiire 
of tho energy with wlii<4i molecular motion Is transferred from tho 
heated gases to tho boiler-plate, and so to the water. Tho mean 
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rate of transmission, multiplied by the area of heating surface 
•dvos the area of the shaded portion of the figure, which is the 
total wrk which should have been done, that is to say, the woi ^ 
of evaporating 544 lbs. of water per hour. The actual work done, 

liowBvex% 'was only 485 ll>s. ■■ ■ ,■ ' 

To give the speculations wo have indulged in a prac .ica uin, 
it will bo necessary to examine in detail the terms ot Carno s 

^Tlmot laboured under groat disadvantages. He adhered to the 
emission tiieory of heat; ho was unacquainted with its dynamic 
equivalent; ho did not know the reason of the difterenco betweu. 
the speoKic heat of air at constant pressure ami at (instant volume, 
th<> idea of an absolute zero of tempmuturc Imd nut been broached , 
but the genius of the man, while it made, him lament the want o 
knowledge whicdi ho felt must bo attainable, also enabled hii.i to 
penetrate the gloom by wl.icl. be was snrrounded, and 
propositions respecting the Ihem-y of heat-engmes, which i c 
knowledge wo now possess cnahlcs us to admit as tint, 
are : 

1 The motive power of heat is independent of the agents 
einployiMl to develop it, and its .imintity is determined 
solely hy the tomiicraturcs of the bodi»‘s between which the- 

final triiiisfor of caloric takes place. _ 

2. The temperature of tho agent must in the first instance )o 

raised to the highest degree possible in order to obtain a 
great fall of caloric, and as a consciiucnce a largo production 

of motive power. . 

3. Fur the same reason the cooling of the agent must be earned, 

to as low a degree as possible. 

A. Mattera must bo so arranged that the passage of the elastic 
an-ent from tho higher to tlie lower teniporaturc mnst 1 ki 
due to an inorcuse of volume, that is to say the cooling of 
tho agent must be caused by its rarelactiou. 

This last proposition indicates tho defective information which 
Carnot posBCsacd. He knew that expansion of the elastic agent was 
accompanied by a fall of temperature, but ho did not know that 
that fall was due to tho conversion of heat into work. We should 
state this clause more correctly by saying that “ the cooling of tho 
agent must be caused by the external work it performs. 

'in accordance witli these propcmitioiw, it Sb iminaicrial what tho 
heated gaBCS or Tapoixr® in the 1 urnaco of a hoilcr may ho, provided 
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that tlicy cool by doinp; exteiTiai Mwk arifl, in priBsing over tlio 
lioilor Biirfaces, impart tlioir heat-energy to ilie water. 

The tenipcratnro of tlio furnace, it follows, must he as I'ligli 
as possible. 

Tlio process of combustion is usually complex. First, in Ihe 
ease of coal, <*lose to tlio iirc-bars complete combustion <»f the red- 
hot (sarhon takes place, and the heat so developed distils tlio 
volatile hydro-carbons and moisture in the n]iper layers of the fuel. 
The inflammable gases ignite on or near the surface of the fuel, 
if there lie a sufficient supply of aii*, and burn with a lu-ight ihime 
for a considerable distance round the boiler. If tlie layer of fuel 
be thin the carhonio acid formed in the first instance passes 
through the fuel and mixes with the other gases. If, however, tlie 
hiyerof fuel he thick, and the supply of air tlirougli the hars iiisut- 
ik;ient^ the carbonic acid is decomposed by the red-h«jt coke, and 
twice the volume of carbonic oxide is producfid, and this, luaking 
its way through the fuel, burns with a pale blue liaine on the 
surface, the result, as far as evolution of heat is concerned, being 
the same as if the internKHliatc decomposition of carbonic acid had 
not taken place, dliis jrroperty of coal has been taken advantage 
of by the late Sir W. Sieraons in liis gas-proilucer, where the 
supply of air is juirjjosely limited in order tliat neither the hydro- 
carbons separated by distillation, nor the carbonic oxide fornual 
in the thick layer ot fuel, may bo consumed in the prtulueer, hut 
remain in the form of crude gas to be utilized in his regenerative 
furnaces. 

The great enemy to attaining a Iiigh temperature in the fiirnaeo 
is the quantity of air required to ensure perfect combustion. 

'W'o have seen that 12 ’2 lbs. of air are suflicient for the eomplt?te 
combustion of 1 lb. <if carbon, which will then develop sufficient 
energy to raise the temperaturo of the products of comhusti^m to 
absoluto. In practice, however, a considerable excess of air 
lias to 1)0 used, and the energy develoiied, which is not inereuHcd 
by the excess of air, is expended in heating a greater weight of 
gases, and consequently the temperature is lowered. Fig. 4 ex- 
hibits this olfect by means of a curve, which indicates the tem- 
perature of a fiirnaeo with from 12 * 2 Ihs. to 36 * 6 lbs. of air per lb. 
of carl)oii. 

IJn fortunately no pyrometer exists by means of which the tem- 
perature of furnaces can bo readily ascortained, Imt the melting- 
points of steel have been detormimed with some accuracy. 'riu5 kte 
Sir William Siemens recently told mo that cast steel with 1 per 

[the INST. C.E. lECT, VOL, II,] l> 
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cent, of carbon melts at 3,192*^ absolute, wliilst steel boiler-plates 
melt between 3,462® absolute aiid 3,552® absolute, and that tlie latter 
Ls Ycr/ nearly the melting-point of xdatinum. On Pig* 4 I liave 
drawn lines parallel to tlie base, indicating tlie extreme tempera- 
tures of melting steel, intersecting tlie enryo of furnace tcnipera- 
turo. You will observe that to melt boiler-plates tlie quantity of 
air admitted siiould not exceed 11- times tlie tlicorctical quantity. 


Fig. 4. 



Effect of QiWNTiTv of Air admitted to a Fvrnace ox its TEMmtATTOE, 

and even for east steel it must not exceed 1| times* Kow it is well 
known timt crucible steel is melted in a common coke ire with 
a very moderate draught, and Mr. Wcdib tolls mo that in liis 
locomotives the temperature of the furnace is suiiciontly high to 
melt the cast-steel ire-doors should they accidentally drop in. It 
is piolmbki therefore, that the volume of air usually admitted is 
not more than 18 Ite. per lb, of fuel, and 1 bave adopted that pro- 
portion in calculating the eiiciency of the Cardiff boiler. Setting 
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for tlio nioEiont, the effect of high temperatixrcK on the 
materials (ff the holler, it seems prohahle, as the late Profi^BHor 
l?ankiimha,s miggesteil, that by the tisoof forced blast aial pri^jHrly 
■arranged bniKtees, tin,’; amount of air necessary may bo reilnccil to 
!he ilHMO'cticfil qnaidity, and in eunfirmation of this view I iriay 
I H lint tt^ the? rapidly exteridlng nse of imder-grate Idowers and of 
stoholiolew 'under pressure. In such eases the area of the firegruto 
is Tory mrndi reduced, the energy of combnstioji, lieightcued 
iilrriosfc to its maxinmm point, and the efficiency of the boiler greatly 
iiiereasefb provided that the heating surface is sufficient to absorb 
flio achiitional eiiei'gy developed. Unfortunately no accurate data 
3-ela.tirig to forced draught are available ; I am obliged to be con tent 
vdth general statements, most of which tend in the direefions I 
have, iru!i(‘ated; indeed, until a timst worthy pyrometer is invented, 
the qiicBtion must remain in an indefinite form. 

The |uacfci«*al diOiculty connected with raising the teni]M*r.dnro 
i.if the furnaces lies in the limited power of boiler-plates to stand 
the high tempe.niture, especially with hard water. With tenipeui- 
a little above that of melting steel, there does not ap|)eiir to 
be any trouble wlnm tlie water is soft, but at higher ranges boihu’s 
wear xiny 'last, im 'lor example, when petroleum is used. This Bub- 
staiicc is composc'd of about 0*84 of carbon and 0*10 of liydrfjgen ; 

1 11). of the oil ref|uires 16 lbs, of air for its comlmstion, ami 
yields 22,160 unils of heat. The temperature of the furnace, 
iheretbre, with only sufficient air to ensure perfect eombiis- 
iion, is d972^‘ absolute, and the curve on Fig. 4 shows that to 
bring the ieiuperature down to that of an ordinary fiiiuiace would 
recpiir© the use of twice the proper quantity of air. It is a 
well-hno'wn thet tliat the furnaces of boilers burning petroltmm 
Biifftu* Bcverely, and do not last nearly so long as the furnaces (sf 
eoalrlmriring Ixoilers. Where this defect has been got over it lias 
I'lrohably lieen by lowering the temperature b}^ the admission of 
an. excess of air or steam. 

temperature t of the products of combustion cannot bo 
l<')'WiTed below tin.) temperature of the feed-water. In coiidciising 
engines this is about 100% but without enormously extending the 
l-kcaiiiig surface this point cannot be attained, and the tem|)era- 
tiire of the chimney must bo kept at least 100*^ higher, (?r at 2tH)% 
In the Cardiff engine the smoke temperature was only about GfC 
liigiicr than that of the steam, and suppose that by means of feed- 
heaters i,n the fine the temperature of the smoke could Ijo rwluccd to 
tlion, with 18 lbs. of air to the lb. of coal, 'the fall of tempera- 
ture from 3B1P --165° 224% would yield 19 lbs. X 22U x 0*238 

B 2 
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tr:l,013 Tiriits, competent to raise 11*BB lbs. of feed evaporated per 

11). of coal 85 • r)”, or to a tomperature of 1 85 • 6”, -vvliich would still p 
103'’ short of tho temperaturo of tlioboilor ; hence it follows that iii 
a well-proportioned hoilor, carefully worked, the lued-wator cauuot 
1)0 raised in toinpcratnro more than 80” or 90"’ hy means of hoa eis 
iu tho flues. It is Boraetimes said that a fecd-heater iii the flue is 
no hotter than an extension of tho heating surluco oi the joi oi, 
hut the above calculation will show that it is necessary o 
tho heater from tho hoilcr, and keep it at tho oues possi j o 
Icmperaturo so as to take advantage of tho low temperature ot t ic 

'’"in^practico tho chimney temperature cannot ho lowered to tho 
point indicated, nnloss forced draught ho employed, and 1 hclic\o 
that, indcpcTidcutly of tlm advanfcigc gained hy the unproved 
duty duo to tho "higher temperature of the furnace, tmu'o is 
a positive gain if mo.lerato Mast pressnvo he used. In ^Iho 
experiments' made with II. M.S. “.Satellite” and “ toiifiuoror in 
1882, it was found that I” air pressuro in the stoke-hole Fodmed 
tho same result as the ordinary elumney-draiight, that .^ pressure 
eoTresiHm.led to the steam blast in tho chimney, and that 1 ot pres- 
sure was suffieient to ensure about 38 per cent, additional stoam. hut 
at a saeritieo of offieieney on account of tho l.oilers lioing forewl 
beyond their hoat-abBOrhing ])owers. Eighteen lbs. ot air at 60 
measures 236 cubic feet, and if foroed in under an incli of water- 
pressure would absorb 1,324 foot-lbs. of work, or, Msuming 50 per 
i‘ent duty, 2,447 indicated foot-lbs. ]ier I lb. of coal consumed. 
An engine burning 5 lbs. of coal per I.ltP. per hour would abw.rli 
i.l units of lieat in doing this work, but tlm beat abstracted from 
the s.nuko by lowering its temperature wo bavo seen is 1,013 u., 
lumcts tbc pciwor imoesHary to prodiioo forced driiuglit in oiily abutifc 
of that gained by cooling the ^moke down to 105^^. Tlio noceS" 
Bity, ill any case, of building chimiicyB to carry olF^tlie Bmoko has, 
no doiibt, detomul iietirly everyone Irom trying forced draught, 
not a means of temporarily increasing the boiler-power, as is tho 
case in torpedo-boats and tho larger wur ships, bnfc as the proper 
and rational way of exalting the dnty obtained froin iucl, namely, 
by raising tho temperaturo of the furnace and lowering that of the 
im'okotothe utmost extent possible in aeeordaneo with Carnots 
thaoi^. Unfortunately the cxperimontB which have been niado by 
Messrs. Thornycroft, Messrs. Hawthorn and Co., and the Admiralty, 
were not direotod to the question of economy of fuel, but to the 
amount of steam that could, on an emergency Uiiul at any sacrifice, 
!>e got out of a boiler. Of course the economic results were very 
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l»ad, for jiUhongli tlio temporaturo of the fiimaco was nilsotl to a 
point which, in tho ease of the “Satellito” and “ CoiKpioror,” 
made tlio tubes aud scams leak, yet tlio chiiunoy tomperaturo was 
also raised even as high as 1,200’, a tomperaturo consider, ably 
aliovo red iieat. Ihporimonts are still waiitiug to sltow tlie rosult 
of exalting tlie heat of tho furnace, while restriotiug tho weight 
of fuel burned to suc'h an extent that tho hoafiiig sm-faeo of the 
boiler will tidio up all tho heat developed, aud jiart with Hut 
smoke at as little as possible above the tomperaturo of tho feed- 
.■water. 

ll'e have seen that the duty of the Cardiff boiler was O-fiittb 
liow is the loss of ()• 108, say 11 per cent, to bo accounted for? 

Ill the first idace, there is tho obvious sonroo of loss in radiation 
from the furuaee to the ashpit and furnaec-door, aud radiation and 
convection from Urn body of tho lioiler. Tho losses under these 
lioads can bo roihicod to a small matter by properly arranged ash- 
pits and doors, ami by carofnl lagging. 

host, there is an iudeJinito loss arising from imperfect oom- 
bustion. As already stated, Favro and SillHirmann invariably 
found earbotiio oxide in the products of comlmsfioii, ami had to 
make corresponding corrections in order to obtain true results. 

The otlu.u- s<mrc(! of loss lies in the transAw of heat from tho 
heated fuel and gjises, first to the boiler-plates ami tlien to tlie 
water. Jn tho ftirnaco tho radiation from tho incandescent find 
is v<!ry intense, and most of tlio Imut is trausierred to the boiler- 
plates by this agency, because very few points of the fud uj-o in 
actual contact with the plates, aud theroforo are not in a condition 
to transmit hy eoiulnetion. Iron and copper are i>rohably only 
slightly diathermanmm, that is to say, at the thicknesses whicli 
occur in })raotico, a very small proportion of radiant heat passes 
directly through the jdates. Most of tho information we possess 
respecting diathermancy is derived from Melloni’s experiment, s, 
jmblislied in 1833; Imt, unfortunately, sucli ordinary suhstanccs 
as iron and copper do not enter into tho long list of out-of-the-way 
bodies he tested. 

All energy transferred hy nmlnlaioiy movement, whctlmr heat, 
light, or sound, suffers absorption or reflection in passing from 
one medium to another; thus, in passing through tho eloarest 
gilts, s, a ray of light emerges, shorn of some of its brilliancy, a 
part being reflected, aud a p.art absorbed. The rays of heat, in 
like manner, are arrested to a varying extent, depending on tlm 
nature of tho substance, in part reflected, in part absorbed ; and 
rrofesBor Tyndall’s recent eximriments on fog signals at tlm South 
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Foreland bIw that sound is in like manner affected when passing 

thronsh media of varying density. 

The ritte of transfer of heat through a plate vanes directly as 
its thickness, directly as the difference of temperature on its 
two sides, and probably inversely as its absolute tcmpeiatn 
imt, unfortunately, it is impossible to ascertain what the aotua!, 
temperature of either side of a boiler-plate is. It is quite cor -am 
that the side of the plate next the furnace is very greatly below 
tho temperature of the fuel and flame, because, if ® ’ 

copper furnaces and brass tubes, which melt hclow -,U 00 , vouid 
very soon ho fused ; and, on tho other hand, on tho water side we 
have no means of tolling how much hotter tho ] date is than tie 
water. It is evident that the greater part (d' the radiatnni from 
tho fuel must be reflected bacikwards and forwards, keejung u]> 
tho temperature of tho gases which part with their heat-energj 

by dogrocH as they pass along the flues. 

A certain amount of heat-energy passing through a huiler-plato 
is lost in keeping up the molecular motion of an imperteetly clastic 
material. It may bo likened to the flow of water through a pipe 
incliue.1 so us to he “in train,” that is, till the rate of inelmatiou 
exactly e(iuals tho retarding force of friction. Ihe longer the 
tniie the greater amount of head will disappear in ovoreommg 
friction, and so tho thicker tho boiler-plate the greater difference 
there will he in tho temperature^ of its tw<) sides, and tho greater 
loss of heat in the passage of a given (piantity. 

Again, at tho surface, where tho heated gases touch tho plates, 
and wh(!ro tho plates touch the water, there is a change of density 
uiul of material, and cmBcquently a C‘ert,ain amount of loss arises. 
Wo do not know sufficient of tho nature of heat-mution to say 
what takes place in its transfer by conduetiou from one body to 
another; but it is certain tliat wherever there is a joint, even in a 
Imr of uniform material, there a certain amount of resistance and 
loss arises. To illustrate this I have arranged the following 
experiment. A round copper bar, -2 inch dianietor and 1- 

inches long, is placed over a Bunsen burner, so that the flamo 
rfuill heat tho centre of the bai;. One-half the bar is sohd, tho 
other is made up of four pieces screwed tightly together, so that 
there are throe joints. At caeffi end is a brass cup holding a mea- 
sured (piantity of water, and into each dips a thermometer. On 
heating tho bar it will be found that tho themomoter on tho solid 
half rises more quickly than tho one on the jointed ptirtion. it is 
probable that even in tho closest joints tho contact is imperfect 
and much of the heat lias to pass through a thin layer of air. All 
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wlio aro familiar witli forging are aware that defects in niotal, 
invisilde wlicii it is cold, will show tlicmselTes when the rnetal in 
Iieated hy the <litfcreBCO of luminosity, eansod by imperfect eoii“ 
<luotion ihroiigh the defective portion. 

At tirst sight it would appear to ho a nuitter of common Heus(.!! 
that a huiler wlilcli contained its furnace within itself mnsi he a, 
generator than a huiler with an external furnace formed of 
hriehwork; hut experience does not justify such a corielusion, and 
there are, in fact, good reasons why it should not. The l)ri(h- 
lining of a furnace is an extreinety had conductor of heat. In 
cupolas used for melting iron I have seen a lining w<jrn down to 
he tween 1-^' inch and 2 inches thick completely protect the sheet- 
iron casing, even in the hottest zone ; so much so, that tlui tar 
w'ith which the iron had hcen coated was not sensihly ailiatcal hy 
a temperature which must have heeii liigher than o,oo0h P>riek'- 
lining is also a powerful ahsorher, and ta»nse<p.icnily radiator uf. 
heat; advfintago of wdiieh property has heen taken in ortlinary 
reverl>cratory furnaces, in which the radiant heat emanating from 
the fuel is reflecded down upon the liearth ])y a brick arch, and hi 
many loeomutivii ilre-hoxes, where lirick arches are introdueod in 
i>rder to intercept and mitigate the (h,‘structive lioat radiated from 
the fuel, and yield it again in a less intense form, 

Tluj gases funning the products of comlmstiou aro ^ery luid 
ahsorljers, and vtny had radiators of heat. Pure dry air and. 
nitrogen are absolutely incapable of ahsorl dug or radiating heat ; 
they are not ailected in tlio least by the passag<is through them 
of the most intense Iieat-rays, Carhonic acid is a somewhat hettm* 
rtnliator, while the vapour of water is a good ahsorlier, and 
therefore a good radiator. 

Referring to Talde 2, it will ho seen that t],ie prodiuds com- 
bustion of Llangeimech coal consist of — 



Cuijie 

.Pfr Cent. 

Carbonic acid .... 

, . 25-3 

il-1 

Abipoiir of water . . 

.. . '■7*6 

3-1 

Air and nitrogen . . . 

. . 103-5 

s:>-5 


220-4 

100-0 


85 1 per cent, of air and nitrogen, mixed with only 14 J per cent, 
of carbonic acid and vapour ; hence the gases, taken together, 
must very had radiators. This want of radiating power, how- 
ever, can he overcome hy letting them heat hy conta<4, some gootl 
solid radlaiing substance, such as the particles of carbon forming 
smoke, or the soot-coated walls of brick or metal thies. It is for 



Ilf^ro m a emiUiioii Bniison Irarnei*, from wliicli the air is 
slmt uml wlneh 1ms been ^utll Ihin Imoiiioiis aod 

mirqiimitixdy cold iiiune siiiec the eommmmmmi of the lecture, 
Tlio radiant* heat has been coneeiitrated by means of a concave 
sIlvcTtHl mirror aiul polishcHl cone on to the Ihicheiicd hiil1> of a 
large air theriiioinetcT. The Ihpiid has attaiuccl its maxiiuiim 
height, and has been steady there for some time. I no^r admit 
air,* and prodneo tiie intensely hot but transparent Bnnsoii name. 
Yon will see little or no difference in the temperature imlicahnl by 
the thermometer i the colder llaiue is bnuinoiiH becatise it is full 
of whit© hot particles of carbon $ 'which are good radiatois j while 
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this reason that the perfect combustion of flaming fuel, in an 
ordinary boiler, is not necessarily, or even generally, attended with 
economical results. The smoky products of combustion, though at 
a lower temperature, are much inoro efficient radiators, and part 
more readily -with what heat they have than the trans]>arent and 
Iu)ttor products of perfect combustion. 1 have arranged an ex- 
periment to illustrate this, Fig. 5, 

■ ■ ■ FiCt.,5.. 
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tlie hot flaiiio eonsist.s of air, nitrogon, carkmic acM, aiid Tapoiir, 
%¥l|ick, talcen togidlier, are bad radiatora. Bat if 1 batig a Hpiral 
of iron wire in tlie Bnnson ilame, it begins to glow, and' Urn ther- 
ninnioter, by iis rapid rise, deedares that the heat of the* flame is 
now being powerfally radiated from it. 

Xowit. is a iiotorions fact that hardly any economy rcsiilts 
from so arranging a boiler that it shall prodnee no smoko, tlu.^ 
reason being that the products, deprived of particles of carboig 
]Hi(?ome dclieient in radiation, and carry the unused heat away tn 
ilie diiiiiney. If any decided advantage were obtainable by the 
su]>]^^TiSsion of smoke, Acts of rarliament would not liave Ttecn 
necessary to enforce it. Tlxe truth is that a different (‘lass <d‘ 
])oiler is ref|rnred for hydro-carbon fuel, sueh as flaming (‘oal ami 
l^eiroloum, a,s distinguislied from carlmn f»iel, such as tiio antlira- 
Cites and coke. In the first class wide iiiies are desirable, bei^aiiso 
(jombustion (.nntinues far along the flues, and the radiant pmvers 
of smoke are high; in the latter case the prudnds muht be 
snbdividetl us much as ]>ractk‘abl<j by means of small tubes, se as 
to bring tlie gases as intimately as juissiblo into contact with the 
Leafing surfaees. Bni Iierc a ca-ution must bo given as to the use 
of small iiikes, for unless th«3 c]i(miieal changes Imvo taken place 
(,‘nm]bdely ludba-e the gases reach the tubes, there is (Linger tliat 
the cooling down \vliioh follows tlu^ subdivision of the gasos will 
arr(‘st the ]u-oeess of (Munlanation— ])ut tln^ fire out, in facn -and 
allow uin'onsumcd gast‘s either to escape altogetlnT, or to ignite 
after they It3avo llnj tubes, doing no us(*ful work. I liave arrunged 
an experiment wdiieli .shows this ]n\)ce.ss very fully. An onlinary 
IkinHen burmn- is made to burn with a small lummous flame, 
rieccB of Jj-iucdi gas-tub(3, of kngths varying from 1 inch to 
6 inches, are placed over it in succession. The shortest tube 
allows the flame to pass through ; the longiir ones extinguish 
it, but the partially consumed gases can be lighted again at the 
upper exids of the tubits. The action is the saum as in the. miner's 
safotydami), the ga.ses arc cooled l;»clow the temperature at wliieli 
chmnical reaction can take place. A tube, wliich in its cold state 
extinguishes the flame, if lieated -will permit it to hum. 

I fomul, by means of experiments made -with boilcn*- tubes, 
placcid over a jet of (Tude gas from a Siemens’ producer, that 0 feet 
was the maximum length which a hoiler-iube of 3dn€hcs diaimdm- 
slionld hajv’'e, if cumlmstiunxvere intended to go ctn within it. It is 
f common oliservation that in marim^ boilers, cHpeeially 
lioli tliere is very little space between tlie fire-grute and 
s gases are extinguished and redight at the updake 





end, making tlie ekimney red-Iiot ; tlie glare of tke fiamo, and cYen 
the flame itself, being often seen at niglit, or even against a dark 
done! imtlie daytime. 

It is manifest that any arrangement by whicli the gases could 
])c stirred abont in tbo flues would assist in depriving them of 
their burden of heat ; tbis can bo accomplished, to some extent, by 
baiSors in the flues causing eddies, or, as has been recently pro- 
posed, by giving the smoke a spiral motion as it passes up the 
chimney, the said motion being propagated backwards through 
the iixios. 

Owing to water being an extremely bad conductor, and almost 
completely adiathermanous, it is commonly held that the lower 
halves of tubes and internal flues arc inactive in transmitting 
heat to the water, and no doubt this is the ease, but they act 
powerfully in an indirect manner. Tiio soot lodging in them 
absorbs, and therefore radiates, heat 2)Owerfii]iy ; the gases in 
contact with the soot heat it, and tliis heat is, by radiation, trans- 
t^orred to the upper halves of the tubes and flues, and so made 
\|vailable. 

In the same way, in sectional boilers set in ovens, the gases arc 
gri^atly subdivided ami tormented ; they heat u|) the sooty brick- 
work Setting and partitions, and these transfer the heat by radia- 
tion to the l)uiler surfaces, Buftbring little to escape by conduction 
and radiation into outer space. 

The general coiiclusions to be drawn from the abi)ve considera- 
tions are, that the most eflieient btfller will be found io Isu one in 
wluch a moderate forced draught is used, the chimney being 
mendy lofty enough io carry the smifl<e to a. Huflieieiit height to 
avoid <‘rcatiug a iiuiHance. A feed-water luiatcur slKudd be fltted 
in the tiue, beyond the boiler. If tie? wa.ter bo soft, an external 
furiUKH? is admissible, but if hard, a ibie furnace acts best, with a 
flue of large diameter. In both arrangciuenfs the boiler-plates 
immediately over the grate should, probabl}’*, be ju’otectcd by fire- 
brick linings. The siuice between the grate and the tubes, if 
any are employed, should bo suflieiently voluminous to admit of 
complete (*ombustion, and the tubes shi>uld be used only io absorb 
the cmergy from the heated gasos. In buoIi an arrangement the 
wnditions laid down by Carnot can bo satlsfieil, and the highest 
duty obtained from the fuel. The importance of ensuring comjflete 
combustion of the gases evolved from fuel before they are brought 
into amtact with cooling surfaces has been fully recognised by 
Mr. Fr^lerick Siemens, who, in aecordaneo with this princiifle, 
has introduced vary important improvements into the rogenerativo 
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gas furnace, lie lias enlarged that portion of tlie furnace in which 
comhiistion takes place, and lie so introduces the gas and air iliai 
the flame touches neither the sides or crown of the furiUMse nor 
the suhstaiiGo which is hedng heated, hut acts only hy radiation 
from its luilliaut and intensely hot mass* The results of 
improvement have Ijeen that the material to he acted on is mji 
nearly so much injured or wasted as w’-hen the flame was hroughi 
into contact witli it, and the hriekwork of the furnace, the 
cruellies, &e., last much longer. Mr. Siemens proposes to intro- 
duce the same principle into boilers, and has sliown that, hy 
properly arranged rings <jf the flues, the flames can he kept from 
f*on tact with the hoiler plates and suffered to lieat thc.m mily hy 
radiation. The more completo and energetic cliemieal action thus 
obtained results in a higher initial temperatrire, prevents iln) 
formation of smoke, and couBC(pmntlj secures better cconomii,; 
results. 

In the Indicator-Diagram, Dig. 3, I have assumed tliat the raUj 
(ff transmission of Ixeat from the gases to tJie water, is iii direct 
proj)ortion to the difference of temperature, hut this is prohabJy 
not stri<‘dly correct, because the conductivity of suhstaiiccs varies 
inversely as the h‘m]icrature, pro]»ably as the absolute tem])eratitro ; 
lieneo the rate of transfer of heat at the furnace end will he slower 
ill pro|;iortiou Uian at the cliimncy end, hut to what extent it is 
impossible to hecaiise the moan tera])eruturo of the boiler- 
plates is unknown. It is certain, however, tliut it is below 
even the melting-})oint of leiid, or doO’', becanso hsid safety- 
plugs are fre(;|uently lused, even in locomotives, and they do nut 
melt out unless there be a want of water. If we assume the mean 
temperature of the plates at the furnace-end to bo 500^, and that 
of the chimney-end 35Cf , then the rate of transmission at the cooler 
end will bo about 18 per cent, greater than at the hotter. IVere it 
not for the imperfect absor|:)tion of radiant heat and reduced 
conductivity, caused by liigli temperature, ebullition over and 
alxuit the furnace would be so violent that uncontroliahle priming 
would surely take place. 

The rate of transmission of heat by the heating surface of a 
boiler can now lie approximately calculated. 

"Wo have seen, in the case of the Cardiff boiler, that the 
comhustiou of 41 lbs. of coal per hour is capal.do of yielding 
525,572 units of heat. The mean temperature of the gases vus 
estimated at 2,31 tC absolute; that of the water in t1ui boiler, 
784*'^; lienee the moan differenco of temperature was 1,529®, Tho 
hcating-surfuce being 220 square feet, 'U, tho number of units 
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of lieat a'bsor]:)ed per square foot per difference of 1° per ffour 
■would loQ, 




525,572 units 
l^F^^0^.~ft. 


= 1*56 unit. 


In tliis case, glowing fuel and lieated gases impart, cliiefly l;>y 
radiation and convection, tlieir energy to water at a lower tempera- 
ture. The action is the inverse of that which takes place where 
hot water or steam is used for heating buildings ; we might expect, 
therefore, according to the doctrine of exchanges, that the work 
done per unit of surface and difference of temperature would bo 
approximately the same. 

In the 48th volume of our Proceedings will be found a curve 
from which the units of heat given out by a 2 -inch wrought-iron hot- 
water pipe may be ascertained. For a difference of 190° between 
the temperature of the water and the air being heated, 590 units 
per square foot per hour were given out ; this is equal to 3 * 1 units 
per square foot per difference of 1° per hour, or about double the 
amount realized at the Cardiff trials. This is accounted for 
partly by the fact that the plates and tubes of the boiler of the 
portable engine were, on the whole, thicker than the metal of the 
heating-pipes; partly by the conducting power of the surfaces 
having been reduced in consequence of their high temperature, 
but chiefly by the circumstance to which I have already alluded, 
namely, that the temperature of the furnace-plates, for a con- 
siderable portion of the smoke-run, is very much less than that of 
the glowing fuel and gases, hence the mean temperature of the 
plates would be considerably lower than that of the products of 
combustion. 

Until a trustworthy pyrometer is invented, it will be impossible 
to determine more accurately the rate of transmission, but it may 
be stated that in practice 12 square feet of flue heating-surface, 
measuring only the half over the gases, or 10 square feet of small 
tube surface, measured in the same way, will transmit the heat 
necessary to evaporate 1 cubic foot of water per hour from and at 
212°. The French allow one square metre, or 10*76 square feet 
per horse-power, but I am not aw-are that the value of a French 
boiler horse-power has been accurately defined. 

The next point to claim our attention is the velocity of the 
gases through the flues and tubes of boilers. 

The weight of air ordinarily necessary for the combustion of 
1 lb. of coal is 18 lbs., producing, at 32° Fahrenheit, or 492° abso- 
lute, 226 cubic feet of gases. This volume, -when heated up to the 
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4 . X 4 ’ 4.1 r m 226 cubic feet X 3,77 7*=» 

temperatEre of tlie mrnace, will become — — ^^90' = 

1,735 cnbic feet; and assuming tbat tbe gases cool imiforml3?' along 
tlie beating“Snrface, then, in the case of the Cardiff boiler, where 
the ratio of the tube surface to the total surface was as 194-6 
square feet : 220 square feet, when the gases reached the tubes 
in the fire-box they wmuld ha-ve had an absolute temperature 

194*6 

= (3,777" 849") X ^^ + 849 = 3,439^ 

_ - 226 cubic feet x 3,439" 

and the volume = stT^ 

By means of a similar calculation, the volume at the smoke-box end 
of the tubes, wherer the temperature was 849", is found to be 390 
cubic feet. 

The boiler at the trials consumed 41 lbs. of coal per hour, and the 
area through the tubes was 1 * 22 square foot ; hence the velocity per 

41 lbs V 1 ^70 

second at the fire-box end was=: — — ^ 14*74 feet 

bO X 60' x 1‘22 sq. ft. 

per second, and at the smoke-box end 3 • 64 feet per second, the mean 
being a little more than 9 feet per second. The boiler was, however, 
-worked to only about one-third of its power. From a number of 
boilers in actual work, with chimneys of moderate height, I have 
deduced that for a temperature of 400", a velocity of 10 *8 feet per 
second is admissible ; this corresponds to 10 square inches of fine 
section per boiler horse-power (which I define to be 1 cubic foot of 
water, eva}3orated from and at 212"), and for a consumption of 1 lb. 
of coal to 10 lbs. of Avater converted into steam. 

There is one source of loss in connection with the combustion of 
fuel which must be touched upon, and that is the heat absorbed 
in the work of displacing the atmosphere. The gases evolved 
from the fuel at the furnace end have their temperature lowered 
by an amount corresponding to the work performed in displacing 
the air, and this work is very considerable, but as the gases part 
wdth heat in passing through the boiler, they contract and the 
atmosphere, in falling, restores the energy absorbed in lifting it. 
At the chimney-end, however, if the gases leave at 400", 396 
cubic feet of smoke per pound of coal are being forced into the 
atmosphere, and work corresponding to 447 units per pound of 
coal consumed is lost, the amount forming about 3 J- per cent, of the 
available heat of combustion. 

With regard to chimneys I will only remark that, except where 
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it is necessary to carry smolce clear of buildings, there is nothing 
gained by making them more than from 50 to 80 feet high. Unless 
the seetional area be sufficient, at least 10 square inches per boiler 
horse-power, the chimney is very likely to become “ in train,” that 
is to say, the motive force gained by lengthening the hot column 
of gases is counterbalanced by the friction which the sides of the 
chimney oppose to the passage of the smoke. I have met with two 
or three instances of this kind ; indeed in tall chimneys, with a good 
deal of internal taper, considerable benefit has often been derived 
by reducing the height. The effective area of a chimney should 
be measured at its smallest part. 

The last consideration ■which will occupy our attention, is the 
conditions of the water and steam in the boiler. 

First as to the water. Water is not only almost adiatherm- 
anous, or opaque to radiant heat, but it is also a very bad con- 
ductor ; the consequence is that neither by radiation nor by conduc- 
tion, can any considerable depth of liquid be heated. Advantage is 
taken, though I believe unconsciously, of this adiathermancy in the 
globes of water, used by diamond cutters to concentrate light on to 
their work ; glass lenses cannot be used, because the spot of light 
in the focus of the lens would also be a spot of considerable heat, 
but the -^vater lenses allow the light to pass, while they completely 
arrest the rays of heat. In the palace of the Grand Duke 
Constantine, at St. Petersburg, I have seen a very efficient fire- 
screen formed by a sheet of water falling from a pix^e, placed in 
front of and above the firex>lace, into a trough concealed by the 
fender. 

The mobility of water, however, neutralizes the want of con- 
ductivity and diathermancy, and heat is distributed by convection. 
The molecular motion of the heated boiler-xfiates is communicated 
to the films of water in contact with them ; the consequent expan- 
sion -which ensues causes a diminution of specific gravity and the 
films rise, making room for fresh layers, which get heated in their 
turn. When the water has risen to a temx:)erature, corresponding 
to that of steam at the particular x^ressure, the convective action 
is augmented in consequence of the molecular motion transcend- 
ing the limits of aqueous cohesion, causing the water to become 
impregnated with steam buhhles, and its density thereby still 
further reduced. The body of water, however, lying below any 
upward heating surface, such as the upper half of fiues and tubes, 
is not so favourably placed ; the heated layers remain in contact 
with the plates, they cannot rise vertically, and the viscosity ot 
water prevents any raxfid sliding along inclined or curved surfaces. 
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Tlie heat lias to lie carried downwards, partly hy indnced currents 
caused by the convection currents of the water, above the heating 
surfaces, gradually drawing up the water below them, and pax'tly 
by heat conducted downwards by the boiler-plates from the upper 
heated portion of the shell of the boiler. This action, which is 
necessarily very slow, is especially noticeable in boilers which have 
no external flues, such as those of the marine type, and in these 
steam must be got up very gradually, so as to allow the water in 
the bottoms to get heated by the slow process I have described, 
otherwise the difference of temperature, between the top and 
bottom of the boilers, produces strains which are apt to end in 
troublesome leakfj. It is very advisable, therefore, if on the score of 
durability alone, to set boilers in external flues, whenever possible. 

Steam in contact with water, when the action is sufficiently 
energetic, is always more or less impregnated %vith particles, 
which are an assemblage of molecules, which have not suc- 
ceeded in emancipating themselves from the bands of cohesion, 
bixt which have been carried up by the energy of those molecules 
which have. The molecular theory of evaporation is that the 
molecules of a fluid, to wdiich the energy of heat has been 
imparted, perform excursions of varying extent and velocity, their 
motion being incessantly modified by the collisions which the mole- 
cules receive from each other. It is only to the average motion that 
a definite value can bo ascribed, and although the average motion in 
fluids is much less than in gases, yet the motion of some molecules 
of a heated fluid may be as great and even greater than the average 
velocity of the molecules of a gas. Hence, if molecules near the 
surface of a liquid happen to have this extreme velocity, and if 
the movement happens to bo outwards from the mass, then those 
molecules will • escape from the fluid, and form part of the 
substance of the gas. Conversely the molecules of the gas, which 
in their excursions strike the water, have their momentum reduced 
to such an extent, by communicating their motions to other 
molecules, that they are unahle again to free themselves, and they 
once more become parts of the liquid ; they are condensed, in fact. 
When evaporation has ceased from the surface of a liquid, it does 
not mean that the action above described has ceased, but merely 
that a balance has been arrived at between the molecules ejected, 
and the molecules falling back and retained in the liquid. So 
soon as, by the application of heat to the liquid, or cold to the gas, 
the balance is destroyed, evaporation sets in with greater or loss 
rapidity, according as the disturbance of equilibrium is more or 
less considerable. 



’When particles of water are carried np into tlie steam-space, 
their return to the water is interfered with by the viscosity of tlie 
atmosphere of steam in which they find themselves. Many solid 
substances, and all liquid and gaseous ones, are more or less viscous. 
The researches of Sir W. Thomson, of Poiseuille, Graham, 0. E. 
Meyer, Helmholtz, Stokes and Clerk Maxwell, have determined 
the laws which govern this property of matter. The rate at 
which a particle will fall through a viscous substance is directly 
as the difference of density between the particle and the substance, 
directly as the square of its diameter, inversely as the absolute 
temperature and independent of pressure ; hence it is obvious 
that the decrease in the diameter of a particle will cause 
a very rapid decrease in its rate of falling. It is easy to satisfy 
oneself of this truth, by mixing up a little ordinary mud with 
water. It will then be seen that the coarser particles soon fall to 
the bottom, the smaller ones follow gradually in the order of their 
linear dimensions, but there will remain a residuum of very fine 
particles, which take days and even weeks to settle down com- 
pletely. Some waters, notably those of the Nile, are impregnated 
with particles so minute that they cannot be separated by filtra- 
tion through sand or filter paper, nor will they subside in any 
definite time. 

In the atmosphere, again, particles of moisture, smoke, or dust, 
sixbside in the same manner at varying rates. Professor Tyndall 
found, in his beautiful experiments instituted to overthrow the 
doctrine of spontaneous generation, that it required three days for 
all the dust to settle down in a box 14 inches long by 14 inches 
high, and 8^ inches deep, so as to become what he called “ optically 
empty,'’ that is to say, that a vivid ray of light should pass through 
without revealing its track. When the impurities* are so thick that 
they sensibly alter the specific gravity of the gas, then the whole 
mass moves together ; this phenomenon may be seen in fogs and 
thick cold smoke, which will lie in hollows and pour dov-n valleys 
like water, and present a level upper surface. 

All substances, even gases, vary much in viscosity. The co- 
efficients of hydrogen and carbonic acid are smaller than the 
coefficient of air, while that of oxygen is greater. It has been 
calculated that a drop of water part of an inch in diameter 
will fall 0*8 of an inch, or 0*067 foot per second in the region of 
the clouds, and if the diameter of the drop be urow 
the rate will be of the above, or about ^ inch per minute. As 
far as I know the coefficient for steam has not been determined. 

It is evident that if an upward current exists in the medium 
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throiigii wliicli tlie foreign particles are sinking, that they will 
move with a velocity which will he the difference between the 
velocity of the current and of their own downward tendehcy ; if 
the u]3ward current is more rapid than the rate of falling the 
particles must be carried upwards, and will be so carried as 
long as the velocity of current is maintained. Jvow in steam 
boilers the proportion which the free water-surface bears to the 
power of the boiler varies very greatly, and the velocity wdth 
which the steam rises from the surface is not only inversely as the 
area of the free surface, but also inversely *as the pressure, while 
the viscosity is unaffected by the pressure. In Table III. I 

Table III. — Priming of Boilers. 


Class of Boiler. 


^ ^V’ator 

o I ^ Water Kvapo- 
M Surface, rated per 
.t: 3: S : c : Hour. 


Plain tv’o-flne Cornish, set) | 
in brick Hues . . ./ ' 

Two-liue CuruLsh multi- 1| 
tubular, set in brick >10' 
lilies . . . . .) 

, Single-Hue marine . . 0 

. 8-lIF. Cardiff portable) ^ 
engine as tried . ' 

. 8-HP. Cardiff* portable) 
engine ^Yorked lullj 13 
power . . . . 

, Three-Hue marine . .10 

. Compound locomotive,) 
L.N.W. railway . 

. Locomotive used as sta-)L~ 
tionary, overworked . / 

. Koof s sectional . . 

, Vacuum -pan, 8 feet) 
diameter , . . .j 


'eet Sli. Square Cubic 
rsec. Ft. Ftset. Fcit. 

.. ISOlllO*;! 3G-0 


I™” cfuSrd ^ I . 

SuS . .^“.1 

o[^ a 

- ■ . ^ H OQ . . 

■ . ■■ {>■■ ■ 

lbs. j Cubic Feet, 

30 'Oj 4-07 0-020 


76r)12;127*8 48-15 45-0; 5*43 ;()*0i3 


58 20G 53-13 40‘0 
3G’123 20-51 7-704 


•08123 20-51 23-38 

•54j852l04-8 152*0 
•82 595 50-3 170-7 

'15 664 58 -54 150 '0 
.. 460 0-72 28-7 

.. 386 50-G 198-6 


60 -Oj 3-00 0*074 

80-o'i 0-6150*030 

1 ! 

80*0 l-815h-000 

70-0j 13-34 j0*127 

150'0| 8-49 0-169 

100-0 9-92 jo-lG9 

70-0 2-52 p-259 

-13-51,026*0 2-G6 


have collected ten varieties of boilers, and have given the heating 
surface, water surface, rate of evaporation, steam pressure, and 
velocity per second with which the steam rises from the water, 
I have arranged them in the order of this velocity, and, bearing 
in mind that a drop jbW diameter falls at the rate of 0 • 067 
per second, it will be noticed that in the plain Cornish and the 
two-ffue Cornish multitubular boilers, the upward velocity is less 
than this, while in the others it is greater. The three-ffue 
[the INST. C.E. LECT. VOL. II.] E 
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er, in wMcli an enormous heating-surface is packed 
y small water-surface, the velocity is 0'127 foot, and 
yto carry up water, or to “prime,” is very strong, 
itationarv locomotive, with a velocity of 0-169, could 


V ACCOM Pas’. 

are a necessary equipment of a pan. Pans are always provided 
with peepholes or lunettes, by means of which it is possible to 
observe what is going on. Over the wild commotion of the water- 
surface rests an atmosphere of steam as transparent as the air ; no 
water particle is largo enough to break up or intercept the passage 
of the light, and yet large quantities of sugar and water accumulate 
in the stvealls, raised by the high velocity of the steam which is 
2-66 feet per second. The particles must therefore bo extremely 
small and numerous. 

The existence of solid matter in water, and in the steam 
derived from it, is often revealed by the accumulation of sediment 
in the steam chests and other steam spaces of engines. Boilers 
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worlcing on the Kile, for example, show no indication of priming 
till the floods come down, hut then the extremely fine particles 
of mnd are carried up hy the molecnles of steam into tlio steam 
space, and not being able to sink faster than the steam rises, are 
carried over into the engines. 

It follows from the thermo-dynamic theory of evaporation and 
viscosity which I have just laid before you, that steam-domes and 


Steam Sepakater. 


strainers cannot bo of any uso to check ordinary priming. Tlio 
area of a steam-dome, or of a strainer, is necessarily many times 
smaller tba.n the area of tlio free -water-surfaco ; beuco the Telocity 
of tlio steam passing tbrongb them mnst be Tory mneb greater 
than that of tbo steam rising from tbo water, and if, in tbo latter 
situation, it is competent to carry up particles, it is plain tbat they 
cannot bo precipitated in the steam-dome or tbo strainer, wbero 
tbo velocity is higher. This fact has been found out by experience, 





for steam-domes are Tery seldom applied nowadays to any kind of 
koilcr, tlioxigli in the case of marine boilers botk steam-domes and 
strainers may be found nsefal to obviate tbe coarser kind of 
priming due to tbe violent motion of tbe vessel. 

Tbe most successful way of separating' water carried along by 
steam is to cause tbe latter to impinge against a plate interposed 
at right angles to its course, to cause it to turn down and pass 
under tbe edge of tbe j)late, and continue its course on tbe other 
side. (bbg. 7.) Tbe particles of water dashed against tbe plate 
adhere to it, and, trickling down, drop off at tbe lower edge, but 
in particles too coarse to be again carried up by tbe steam. Tbe 
water so collected is returned to tbe water space of tbe boiler. 

It is evident that it is impossible to assign any numerical 
value to tbe amount of priming to be expected, since it depends, 
not only on tbe form of tbe boiler and tbe steam-pressure, but 
also on tbe quality and condition of tbe water, tbe latter, if impure, 
varying from day to day. 

Tbe slowness with wdiicb smoke falls to tbe ground, after 
escaping from a chimney, proves, first, that tbe particles of soot 
are very minute; and secondly, that there are not a sufficient 
number of them sensibly to affect tlie specific gravity of tbe gases 
in wliicb they are suspended. Tbe inference is that tbe waste of 
fuel in tbe form of smoke is really not very serious, and not suffi- 
cient to counterbalance the loss I have already alluded to, of radiant 
power in tbe products of combustion, caused by perfect chemical 
combination. 

Tbe jjraotical deduction to be made from tbe statements which 
I have bad tlio Iionour of laying before you, is that no very 
marked improvement is to be expected in boilers. All sorts 
and shapes have been tried, and the best of them do not surpass 
tbe duty obtained at Cardiff, where extreme skill in management 
was combined with a comparatively light demand on tbe powers 
of tbe boiler. ‘ When inventors come to you and propose to effect 
tbe usual saving of 50 per cent, in your fuel consumption, you will 
be able to fix them to something more definite, and then, if they 
understand the subject at all, you will find that their pretensions 
will be materially modified. - 

You will also have noticed tbe important part that absolute 
temperature plays in all thermo-dynamic problems. I trust that 
the day is not far distant when all thermometers will be^ graduated 
from absolute zero. It will be but realising Pabrenbeit’s idea, 
only with better information, and although it will, at first, sound 
strange to bear people talk, for example, of a very cold night with 
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tlie tliermometer at 460°, meaning the zero of Fahrenheit ; still, 
we shall soon get accnstomed to that, and will have the advan- 
tage of aholishing negative readings and mistakes in calciflations 
arising out of them. 

I have now completed the task assigned to me by the Ooniicil, 
and have shown how the potential energy of fuel i^s converted 
into the potential energy of steam at high pressure and tempera- 
ture. It will be the duty of my successor at this table, Mr. E. A. 
Cowper, on the 17th of January next, to show by what mechanical 
contrivances the potential energy of steam is converted into the 
energy of motion, suited to the wants of man. My subject is 
by no means exhausted, but time will not permit mo to touch on 
the important points relating to incrustation, corrosion, and some 
other matters of interest. 

To the late Professor Pankine, I believe, is due the honour of 
liaving first pointed out the true princix^les on which the duty of 
a boiler should be estimated, namely, by comparing the work 
actually done with the potential energy of the fuel used, and I 
cannot conclude this lecture without paying a tribute of adinira* 
tion to one who was a brilliant ornament to our profession, who 
combined in his own person the qualities of a profound mathe- 
matician, of an acute pliysioist, and of an excellent practical 
mechanic, and whose early death has deprived the profession of a 
member who had done so much for its advancement, and tlio 
science of thermo-dynamics of one of its most devoted and suc- 
cessful votaries. 

The very day on which I handed the MS. of this lecture to Mr. 
Forrest, one of the brightest stars in our firmament was hastening 
to his setting. 

I had intended sending a proof to Sir William Siemens in the 
certain expectation that, with the kindliness and consideration 
which has marked every action of his life, ho would have looked 
through my work and given me, and this Institution, the benefit 
of advice founded on his extensive and accurate knowledge. You 
must have noticed how often I have quoted his name, and the 
regrets I have expressed in the want of a high tompexature 
pj’Tometer. In writing to me in October last about the melting- 
point of steel, Sir William Siemens concludes by saying: “I am 
now following up a plan of getting reliable indications of tempera- 
ture exceeding the limits of melting steel.” In addition, therefore, 
to the already too numerous causes of regret we must add thivS, 
that the production of a trustworthy high-temperature pyroineter 
has been indofiiiitely postponed ; for I know of no iimi living so 
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competent to accomplisli a task 'wHcli will severely tax tke most 
cultivated intellect, and retiuire tlie command of exceptional 
facilities for experiment. 

I spoke of Sir William Siemens as a star wkick liad set tor ever; 
Ms influence, however, vsdU not so soon fade away. Just as tMs 
a-eiieration is profiting hy the solar radiation which fell on the 
earth countless ages ago, so will the lahours of our late colleague 
form a store of knowledge, potential with respect to this and 
succeeding generations, destined to confer advantages, greater than 
we can now estimate, to the ever-advancing cause of science. 

On the motion of Mr. Beunlees, President, a vote of thanks was 
passed hy acclamation to Mr. Andeeson for his highly philo- 
sophical and instructive discourse. 
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17 January, 1884. 

Sir J. W. BAZALGETTE, C.B., President, 
in tlie Chair. 

“ The Steam-EngiHe.*' 

By Edward Alfred Cowper, M. Inst. O.E. 

Mr. President and Gentlemen, — I appear before yon to-night in 
compliance with the orders of the Council, and I have much 
pleasure in doing so, as I must confess to a very great fondness 
for a good steam-engine, and although it is but a simple problem 
to arrange the precise manner in which a given quantity of steam, 
-of any given pressure, shall bo utilized, it is a pretty and inte- 
resting problem, which well repays any slight labour there may 
be connected with it. 

After the two very interesting lectures on heat which we have 
heard in this room lately, I should not attempt, even if I were fully 
equal to the task, to again go over the theory of thermo- dynamics, 
and I am grateful to the two lecturers for clearing the ground as 
they have done. 

I will only refer to one or two observations of Mr. Andorsoids, 
which I consider the proper introduction to the consideration of 
the present subject. 

Mr. Anderson observed that a boiler was a veritable power-pro- 
ducing maebine, and I have always looked upon it as such myself, 
for the application of the heat to the water causes the particles, or 
ultimate atoms, so to separate from one another by vibration or 
repulsion (and I do not care which for my present purpose), that 
the atoms form steam, and will remain as steam so long as they 
are not robbed of heat. 

Now, if we take a long steam-engine cylinder, and put a very 
small quantity of water into it, and then put the piston down 
upon the water, and apply heat to the whole of the cylinder, •wo 
shall find that although the piston has the pressure of the atmo- 
sifiiere on it, the steam, as it is created below the piston, will do 
the 'woxli of lifting the j)iston against the 15 lbs, per square inch 
pressure of the atmosphere, so that that is the time at which the 
power is really produced by the boiler. Then if this steam is 


56 


COWPEB ON THE STEAM-ENGINE. 


condensed, we may titilizo the power with which the piston will 
descend, with the pressure of the atmosphere upon it. 

In any construction of steam-engine, we have to consider how 
the steam is measured out and utilized, quite as much as though 
it were so much gas that had to be paid for and burnt to the 
greatest advantage. 

Again, if we want the steam to behave as a gas or vapour, and 
do its proper duty, and expand with full .force, we must treat it 
kindly and prevent its getting a chill, or we shall find, as you will 
see further on, we shall lose our good horse ‘‘Powex’,” and, find our 
cylinders acting as condensers to our steam before its time. 

I trust to make some of these points clearer presently, but you 
will perhaps appreciate them quicker if you know the views I 
hold. 

It is, I consider, truly wonderful that so early as 130 b.g. Hero, 
of Alexandria, should have desciibed such an apparatus as the 
simple re-action engine, having two jets of steam issuing at 
tangents from tubular arms, inserted in a vessel that is mounted, 
so as to be free to rotate, the steam being supplied to it from a 
boiler.^ 

It is remarkable that at various times the same idea has been 
revived, viz., in 1590, for turning a cook’s spit, in place of a dog, 
in which case the boiler itself carried the aims for the emission of 
the steam. In 1648 Bishop Williams mentions it; but in more 
recent times, viz., about 1831, Captain Ericson made a reaction 
drum, and several patents have since been taken out for variations 
of the same idea, amongst others Avery’s engine. 

In 1624, it would appear, there was the first attempt made by 
Solomon Be Cans to raise water by the pressure of steam acting 
upon the surface of the water in a close vessel, the steam being 
" raised in the same vessel, so that the ^vater had to bo heated ta 
the temperature of the steam, due to the pressure of the head of 
water. 


^ Stuart on the Steam-Engine. 1829. 

For tko historical part of the question the reader is recommended to consult 
the following works : — 

“ A treatise on the steam-engine, historical, practical and descriptive.” By 
J. Farey. 4to. London, 1827. 

The steam-engine and its inventors. An historical sketch.” By II. L. Galloway. 
8 VO. London, 1881. 

“Descriptive history of the steam-engine.” By K. Stuart. 8vo. I^ondoii, 1831. 

“The steam-engine; comi:)rising an account of its invention and progressive 
improvement : with an investigation of its principles, &e.” By Thomas Tredgold,. 
with an extension by W. S. Woolhouse. London, 1838. 
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The next step was made by Giovanni Branca, in 1628, and 
; consisted of a jet of higli-pressnre steam blowing against a light 
/ wheel, very like a water-wheel, and connected by a pinfon and 
gearing so as to do work, and it is said that stampers for a drag 
mill were actually driven by it. 

It should be here noticed that the immense speed with which 
high-pressure steam issues into the atmosphere is such that if a 
wheel against wdaich it acted, revolved at half that speed, it would 
so act as a fan against the air as to absorb the greater part of 
the power, if, indeed, the steam had power to drive it so fast ; and 
if it did not go fast, the steam would not develop its power, but 
would constantly blow past it. I name this fact thus early, as 
it is a rather common idea that if, for instance, a rotary engine, 
runs very fast, the steam will. not leak seriously past the piston. 
If such were the case, the engine would not have much power ; 
but, as a fact, the high-pressure steam would overtake any 
piston. 

The Marquis of Worcester, in his “ Century of Inventions,’* 
claims to have invented a steam-engine; but it is impossible, 
from his description, to ascertain what his apparatus was ; probably 
it w^as somewhat similar to Savery’s engine of 1698. 

In 1672 one Otto Guericke describes a cylinder with a tight- 
fitting piston, which was exhausted by an air-pump ; the piston in 
the cylinder was then capable of lifting a weight by the pressure 
of the atmosphere. This is in no sense a steam-engine, but it 
shows that a cylinder and piston were understood in 1672. 

Sir Samuel Morlaiid, in 1682, proposed to the French Govern- 
ment to raise water by the force of steam, but failed to get his 
plan taken up. There is no description of it extant. In 1674 ho 
had invented a stuffing-box to a pump. 

Denis Papin, a French engineer, made a model, and proposed the 
use of a cylinder having a small quantity of water in it, and a 
piston. It was to be placed over a fire, so that the steam might 
blow the piston up, and then, on the cylinder being removed from 
the fire, the steam gradually condensed, and the piston came down 
with the pressure of the atmosj^here upon it. Pax>in also proposed 
to exhaust pipes with an air-pump, and work a second cylinder at 
a distance. 

Before 1698 Captain Savory had erected several engines for 
raising water by the pressure of steam on the surface of the water 
in a close vessel, the steam being supplied from a boiler. Then, 
when the vessel vras emptied, and the steam shut off, and a little 
cold water allowed to pour over the oittside, a vacuum was soon 
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formea vfUch drew up more water from the well through the 
suction-valve, ready for another discharge.i Two vessels wore 
t"nSW -^ecl to one boiler. Several of these machmes wore 

made; they had no safety-valves, and one actually burs . 

This machine of 1698 has been greatly improved of late years 
bv W. Hodgkin, who ingeniously allows a sma,ll quanti y o an 
pass in with the water when it enters, and this inoie oi ess per 
fectlv lies on the surface of the water, when the s earn is 
mittld, and thus introduces a non-conductor between the steam 
and cold water, thus, to some extent, hindering 
of the steam on entering. Another very striking point ahout ttas 
machine, which, as you all know, is caUed the “ J 

that a ball-valve is moved from side to side by the simple ii 
the steam, due to sudden condensation, and thus gives ^ 
nate action, without involving any further mechanism. ^ 
parative experiment, made with the Pulsometer ^ 

direct-acting pump, showed that there was not 
in the consumption of steam. Now one word must be said lieie in 
reference to the behaviour of steam and air 

of importance, as we shall see later on, in surface condenseis. 
Supposing there is some air in the vessel, mixe_ wi i igr 
pressure steam, of course any such steam touching the co wa 
is instantly condensed, and being thus annihilated, pZace « 
taken hy air, so that there is, so to speak, a self-acting ^ 

which the air is placed in contact with the water, and of course 
thus acts to hinder further condensation of steam. 

In 1707, Denis Papin proposed to the Elector of Cassol o 
construct an engine for raising water to pass on to a water-wheel. 
The steam from the boiler was to act upon the surface ot tbe 
water in another vessel, the same as in Savory’s engine, ut ^ e 
vessel was cylindrical, and had a float in it on the water, and into 
the middle of this float an iron heater was to be placed, it being- 
introduced through a large safety-valve at the top ; this was tor 
the purpose of keeping the steam wai-m, and thus counteracting 
the cooling effects of the cold sides of the vessel to some extent. 
Papin had received a drawing of Savory’s, and stated^ that his 
eno-ine was constiucted on the same principle as Savery s engine, 
but the machine was never applied practically. He omitted the 
suction-pipe and the advantage of a vacuum which Savery had. 

Dr. Desaguliers constructed several of Savory’s engines (amongst 
others, one for the Emperor of Eussia), and added Papin’s safety- 
YalvG. 

Between 1687 and the year 1702, when Dr. Hooke died. New- 
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comen was in correspondence witli Mm concerning Papin’s model 
of 1687, and Dr. Hooke sajs, “ Could you make a speedy Tacimm 
under your second piston your work is done.” By tliis ke meant, 
of course, “ a speedy Tacuum under tlie piston ” in kis working 
cylinder. 

It is evident from tke aloove tkat Kewcomen must kave keen 
alive to tke advantage to ke gained ky working a piston in a 
cylinder, and resorted to tke plan of supplying tke steam to it 
from a koiler ky means of a pipe and valve (like Savery), and tkat 
ke furtker invented tke plan of cooling tke cylinder ky cold water 
applied outside it, so as to conden'se tke steam witkin it, till a 
leak kole in a piston let in some of tke water (tkat laid on tke 
piston to seal it), tkrougk tke piston into tke cylinder, and tkus 
condensed tke steam muck more quickly, and krouglit tke piston 
down witk tke pressure of tke atmospkere upon it. Tkis in itself 
was a grand step in advance, as Newcomen kad tken a piston-rod 
acting witk power wkick ke could apply to certain kinds of 
mackinery, and ke fortkwitk attacked it to tke end of a large 
keam, turning on a centre in tke middle of its Icngtk, and kaving 
tke pump-rods of deep pit-pumps attacked at tke otker end. Tke 
ends of tke keam kad curved segments of wood attacked to tkem 
(tken called “ korse-keads ”) so tkat tke ckains tkat attacked tke 
piston-rod to tke keam, and tkose tkat attacked tke puuip-rod 
skould always kang perpendicularly. Tkere was a second smaller 
segment of wood attacked to tke keam kalf way ketween tke 
cylinder and tke centre of tke keam, and a ckain to it suspending 
a vertical wooden kar, commonly called tke “ping frame,” and 
tkis kad pins on it to skut tke steam-valve and to strike open tke 
injection-valve for cold water wken tke piston kad got to tke top 
of its stroke, and otker pins to open tke steam-valve wken tke 
piston kad got to tke kottom of its stroke, so as to again lill tke 
cylinder witk steam, and let tke piston go up, wkick it did ky 
tke weigkt of tke p>nmp-rods outkalancing tke weigkt of tke 
piston and its rod. Tke condensed steam and injection water tkat 
kad entered tke cylinder were got rid of at eack stroke ky a small 
self-acting valve at tke kottom of tke cylinder, tkat opened wken 
tkere was sufficient pressure in tke cylinder to klow it all out. 
Tkere was a gauge-cock to tke koiler, and a float in a pipe rising 
up out of water in tke koiler, so tkat a column of water in tkis 
pipe kalanced tke pressure in tke koiler; tkus tke level of tko 
w-ater in tke koiler could ke properly ascertained. Tke flrst large 
engine of tkis kind was erected in 1712 ky Newcomen and kis 
partner Cawley, in conjunction witk Savery, witk wkom New- 
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comeM had made terms, as it was supposed that the engine came 
to some extent within a grant that had been made by the Com t to 
Savery. * It is said that Newcomen might have been first to have 
tahon a patent, but that Savery had more influence at Court and 
was beforehand. However, Newcomen’s engine was soon pioved 
to be so much better than Savery’s, that very many engines weie 
made on his plan, and Savery’s fell out of use. Ihe model of a 
Newcomen engine has been kindly lent by the Council of Ki ^ 
College through our member. Professor Shelley. 

Thus, the first real “steam-engine” was made for pumping 
water, and it continued to be used for fifty-seven years, up to the 
time of Watt’s first invention, and in some cases for long at ei. 
Watt alludes to it as the common engine. 1 have here an en- 
graving from the Eeference Library, Birmingham, kinc y en 
through Mr. E. B. Marten, one of the only two engravings tha 
are known to exist of this first engine. It is interesting to 
shortly consider the points in which this engine fell short ot_a 
reaUy good engine; thus, it worked only wMi very low steam m 
fact, so low as just enough to prevent any air entering the boilei 
or cylinder, and a friend of mine has seen one working with the 
manhole lid off, and steam coming out at the opening, the engine- 
man not minding whether it was on or off’, and when told ot is 
being off he simply put it on and did not bolt it down. Ut 
course, it is evident that the engine obtained all its power in le 
down stroke of the piston alone; and, in fact, if there had been 
any considerable pressure in the cylinder, it would have bloivn 
the piston up too far, and slacked all the chains. A worse lauit 
was that the cylinder was greatly cooled by the cold-waler in- 
iection, so that it took a good deal of steam and some time to 
heat up the cylinder before the piston could go up again, as well 
as some time to cool the cylinder to get a moderate > gon 
vacuum, therefore the engine worked veiy slowly and tooh a 

great amount of fuel. n i 

In 1720, Leupold, in Germany, the author of a work called 
“Theatrum Machinarum,” constructed the first high-pressure 
lover-engine for working a pump at the opposite end of the level 
or beam, the steam being admitted from the boiler to the cylmder 
by a “ four-way cock,” and allowed to escape as soon as it had 
done its work in the same way ; he ascribes the sole merit of this 
invention to Papin. This was certainly the first high-pressure 
pumping-engine, and it had the great merit of being able to work 
as fast as the water could get in and out of the pump ; there was 
no waiting for the cylinder to bo cooled down, and the steam 
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inside it to be condensed before a Tacnnm could be obtained and a 
stroke made, as was the case with Newcomen’s engine ; it does not 
appear, liowever, that it came into use to any extents 

It is a Tery striking fact that about the same time tkat Watt 
was making bis first engine in this country for pumping, a 
rrencliman of tbe name of Gugnot was at work in France making 
the very first locomotive, to w^ork, of course, with high-pressure 
steam ; this engine is still to be seen at the Conservatoire des Arts 
et Metiers in Paris, or rather in the old church of St. Nicolas, close 
by, and which is used as a repository ; it has two vertical cylinders, 
single-acting, -which are connected by a chain, and alternately puli 
at “xaawls” on levers on the axle, which ‘‘pawls” act on ratchet 
wheels on the axle. This machine had but a very short active 
life, for when running at about miles an hour just about where 
the Madeleine Church now stands in Paris, on turning a coiner it 
upset, and forthwith the machine and its inventor weie put into 
prison; this was in 1769. 

After fifty-seven years’ practical working of many Newcomen 
engines, and after James Watt had been engaged to repair a 
model of a Newcomen engine in 1764, he hit upon the beautiful 
idea of keeping the cylinder “ as hot as the steam which enters it,” 
and, in order to do this, he condensed his steam in a separate 
“ condenser, to be kept cold by the application of water or other 
cold bodies he does not say by “ injection,” but the application 
of cold water; and, as a matter of fact, he used surface-condensers 
to a considerable extent, cooled by cold water applied to their 
exterior surfaces, though when for large engines the surface- 
condenser became unwieldy, he commonly used injection. It is 
highly probable that he abstained from naming injection to his 
condenser in the specification of his patent, on account of New- 
comen having used it for fifty-seven years in his cylinder.^ 

One must pause for a moment to realise what James Watt had 
effected by changing the place of condensation, and keeping his 
w^orking cylinder hot by a steam-jacket, and proper clothing out- 
side it. He had, in fact, obtained complete command over the 
action in the w-orldng cylinder and the steam inside it, in place of 
large quantities of steam escaping him, and becoming condensed 
without doing work, as was the case with Newcomen’s engines ; 
he had also obtained command over the action of the condensei', 

^ Stxiart on tke Steam-Engine. 

^ Institution of Mechanical Engineers* Proceedings, 1853. 

® Specification of Waifs patent, 1769. 
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and could keep it as cold as lie tliouglit advisable, so as to produce 
a good vaciinm in the cylinder* The result, of course, was obvious, 
as the* piston could then be worked as fast as was desirable, and 
witli a good vacuum, instead of an imperfect one, as in New- 
coinen’a case. There was no waiting for the cylinder to be heated 
and cooled for each stroke, as there was the separate boiler to pro- 
duce the steam and the separate condenser to kill it. 

The invention of the air-pump was also included in the same 
specification, for the purpose of constantly keeping the cylinder 
and condenser free from air, as a small quantity was always 
carried over with the steam from the water in the boiler, and 
entered, more or less, through leakages, which troubled Watt very 
much in his earlier experiments and engines. 

It is simplest to consider this engine of the 17 GO patent (as it 
was, in fact) as a very great improvement on Kcwcomen’s engine, 
fur really it was still only a single-acting pumping-ongino Avifch 
an open-toppLMl cylinder, wdth chains from the pisbiinrod to ono 
end of the beam, and cluiins from the pump in the pit to the other 
end, and, of eourse, working entirely with the power produced by 
the vacuum in the cylinder bringing the piston down with the 
presKiire t»f the atmospliero upon ifc. Many of these pumping- 
engiues were made to pump %vater Irom coal-pits and mines, and 
sumo for pumping waiter for water-wdieels, as at Soho, to obtain 
rotative power. Thou, in order to make the ]>iston air-tight, in 
place of having a few inches of water mi it, as with Kowcomen*s, 
ho proposed h) use oil or wax, and actmiliy used oil in quan- 
tity in Some of his expei'iments with an IS-inch cylindei’, and an 
oil-piuiip to pump it up again; but ho complained that a good 
deal of oil went arWay -with the condensing waiter, and he at last 
libfiiined cylinders more perfectly bored out, so tliat, as he said, he 
tliuuglit he could not get half-a-crowui past the piston in the 
cylimlerd 

lie must, howajver, not 1»g considered too much in fault for such 
a state of things, as there are many cylinders at the present day 
(more than a hundred years since Watt's time) so out of round, 
that a shilling, not to say a two-shilling piece, might pass a piston 
that w(,)uld just work in a cylinder ; for, in fact, a large cylinder 
gcC‘8 consi<lcrably oval with its own w^eight, if bored horizontally, 
and then put uprlglit for work; so that cylinders ought always to 
be bored as they are to be worked, and, so far as possible, the fixings 
should be the same. _ 

* laitilatiea of Meckaiikal Eagineers, Proceedings, 1SS3, *‘The iiiYontions 

of 
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In. the same original patent of Watt’s, he claimed, ^Hho nse 
of the expansive force of steam working with or without a 
vacuum”; also, ^‘a steam- wheel made like a \vater- wheel,” and 
he also claimed ‘‘ the expansion and oontraetion of steam without 
cooling it vso much as to condense it,” hut he showed no means ot 
superheating it. 

One of the numerous Watt models at South Kensington shows 
a very perfect form of “surface condenser,” having 139 long 
small tuhes, with cold water passing up them, and the steam 
outside. 

Twelve years later Watt proceeded to patent and construct 
single-acting engines that gave rotative motion, by the steam 
acting in one direction (as in the piimping-ongine), and a heavy 
halance weight acting in the other direction ; tliis was fixed on 
the opposite end of the beam to the cylinder, and was of course 
lifted by the steam. We have here a model of such an eiigiue, 
kindly lent by Mr. E. B. j\Iarten ; I saw two such engines at work, 
many years ago, one near West Bromwich, and the other near 
Nothorton. 

AVhitt, in his patent of 1781, shows many ways of converting 
reciprocating into rotative motion, foremost of which is tlio “sun 
and planet motion,” of which a few examples are still at work. 
Watt probably invented this plan to avoid the patent of one 
J. Pickard, in 1780, for the use of the crank in the stGam-ciigine ; 
but "Watt did not hesitate to put a pin in a disk, and attach a 
connecting-rod to it, and he does not call it a “ crank,” hut “ point 
of attachment of the connecting-rod,” 

This production of rotative motion was a great step in advance, 
but the motion was not regular. 

Tho next 3 ’ear, or tliirteen years after the £rst invention of the 
separate condenser (which did enable quick strokes to ho made), 
Watt made a good “ double-acting engine,” with a stuffing-box 
and cover, and steam admitted first to one end of the cylinder and 
then to the other, so as to produce a veiy good rotative power. 
Watt explained tho expansion of steam, and drew an expansion 
figure in one of the drawings in his patent; showing four times 
expansion, and explaining many wa^^s of equalizing the pov'or 
throughout the stroke, to obtain regular motion. 

Watt invented the “ Indicator,” and probably about this time ; 
that on tho table is a Watt indicator, an elementary model at 
Boutli Kensington would seem to embrace the first idea of it. 
^Several modern indicators will be found on tho lihraiy table. 

Watt described tlio plan of passing the piston-rod through tho 
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tottom of tte cylMer ditoot lo ^ 

„,el. .0 mode l.y BnU. Tho model of it at f 

Ilmosfr identical with the engraving m the Life ot IrovitmcK, 

all was prohahly made for the purposes of an action that M aft 

thl'^samo spodfication there is dcsoribod a rotary engine 
with valves or pistons hinged to the revolving drums, and closin^ 

down as they pass a fi-ved stop; also a scmi-rotary engine with a 

fixed stop, having the steam lot in on one side, and on the other 
the connection to the condenser, or the atmosphere, thoworang 
piston being fixed rigidly to the shaft and reciprocating in the 

The patent of 1 784 puts forth the idea of a steam-carriage for 
oonimoi roads, and gives the sixe of cjdindein for one to c«^ two 
persons. Watt, however, strongly ohjeotod to Murdock tijin^ his 
idea of a steam-carriage, and still more strongly objected to 
Trevitliick using one with really high-pressuro steam. _ 

Watt made the first “ Counters ” for steam-engines, to ascertain 
the work they did, and also invented the several kinds of 
“ parallel motion ” for Hteam-enginos ; ho also made several other 
vei7 ingenious machines, mention of which would he out of place 

It is particularly worthy of notice, how rpiickly the value of 
steam liegan to be appreciated as ii prime mover, after Watt 
had shown tliat quick strokes could be obtained by its sudden 
condensation. Hornblowcr, who had been one ol the principal 
makers of iminping-cngines for the Cornish district previous to 
the introduction of Watt’s invention, designed in 1781 an in- 
o-enious arrangement of two cylinders communicating with each 
other, the stwim from the smaller being afterwards used in the 
larger, and the steam from the larger passing to a “separate 
condenser” provided wit! i an air-pumi>. This was before Watt’s 
patent for doublo-action in 1782. It was a decided improvement, 
as it rendered possible the expansion of the steam, and the oon- 
soiincnt economy to be carried further without giving such a groat 
variation in strains as when all the expansion was carried out in 
oae oyluiclor. 

It Bhonitl 1)6 noticed^ that this was hefore Watt had put fonvard 

an indicator-diagram with four times expansion in one cylinder, 
, and certainly Hornblowcr must have the credit of being the in- 
ventor of tlio double-cylinder pumping-ongino. His first engine. 


* Institution of Mcohanical Enginecra. Procoedinga, 1883. 
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made in 1782, was erected at Kadstock, near Bristol, and liad 
cylinders 19 indies in diameter X 6 feet stroke, and 24 inches in 
diameter x 8 feet stroke. No doubt the ** separate cond^inser 
and ‘‘ air-punix3 ” -were infringements of Watt’s patent, and he 
cautioned the public accordingly; the next Ilornblower engine 
was not ])ut u]3 until 1790, 

An extremely important event occurred in 1788, being, in 
fact, a stox) towards the adoption of steam for ncwigatmi ; an 
application second only in importance, for the good of mankind, 
to the invention of the steam-engine itself. In this ^mar, Mr. 
J^itriek ]\Iillor, of Dalswinton, emxdoyed William Symington to 
superintend the construction of a small steam-engine for a plp^i- 
sure-boat; and a second one in 1789, on the Forth and Clyde 
Canal, attained the rcsx^ec table sx^eed of 7 miles x^ot hour.^ 

Symington’s x^atents were taken out in 1787 and 1801. 

In 1790, Mr. Cullen (afterwards Lord Cullen), tried to indace 
Boulton and Watt t(.) connect themselves with Miller’s undertaking, 
but they declined. 

James Eumsey, in 1791, patented a x>ian for obtaining x>ower 
from steam or water, or ]K)th conil)ine(L One x>lan was that of 
two sxuir-wlieels, eitlier circular or ellix)tieal, working in a 
casing, the steam or water being apx>lied above, and tlie con- 
denser below. 

Ho also descril.)es a rotary-engine liaving a wheel with, ];)istons 
attached to it, the steam Ijeing taken through the vertical axis, 
and out behind the x>ishms, into a circular enclosing casing 
having stox)s or valves in it, which open and shut as the 
X)istons on the wheel p*^*^'*^ them. This is very like Watt’s 
rotary-engine, excox'^t that the valves in the casing ox)en and shut 
instead of the valves in tlie wlieel. This form lias been rein- 
vented some dozen times at least. 

Francis Thompson, in 1792, or ten years after Watt’s patent lor 
a double-acting engine, took out a xiatent for a double-acting 
atmospheric engine; he had two cylinders, each single-acting, 
without stuffing-boxes, and of the same size, placed one over the 
other, the upxier one being inverted, there being one piston-rod 
with separate x^stons Ibr tlie two cylinders. A large engine of 
this construction was set up near Nottingham to drive a spinning 
mill, the cylinders being each 40 inches in diameter by 6 feet stroke, 
and working at 18 strokes i^er minute. But few wore erected. 

William Bull, a Cornish engineer, who had been a stoker 


* B. L. Galloway on the Stcam-Biigiue. 
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£ -Rmil+nn and Watt, erected single-acting 
and engine-dm-er for J li^^aer directly over tte 

pnmping'ongmes^ vntli mentioned in Watt’s patent, 

pumps* in the pit, a cons Engine.” 1'^®® 

lu. form is BOW knor^ t nroc^d n^s Against BnU, and 
Bonlton and Watt f f to tlie 

obtained a verdict, lint ^es were divided. Bonlton and 

validity of the intent, and the ^ ^ot 

Watt also sued HomWowei wit . £40,000 for 

until 1790 that they obtained a hnal rciai 

arrears of patent dues. . „„„tor of several useful machines, 

Edmund Cartwright, an ^ 

designed, in 1797, a steam-ong cylinder” tlio bottom of 

» metallic rings to a piston woik ^ condenser,” composed 

the cylinder wi|p always open ' in water; then there was 

of an inner and outer niston° which valve opened as the 

a valve opening upwards in t}^? ^ stemn-valve let 

piston reached tlm at the top of its 

steam on to tlio tox^ ol tb ^ 1 ‘ steam on tbe to-^ and a 

stroke, of its stinlm, the 

“ surface condcnsei aul ■ ‘ ov-whool. Tboro was an air- 

"“io *^4 tl» e.gmo »«r 1» '■y 

in tbe valves admitting steam to I ic ^ „ p ^.dve,” 

Wattciignm. One Imm ^ ^ ^,p and domi 

. ivhich consists ot a lube of ‘ D ^ ^ p\,a]vo ” are 

i, B -tablo^ O- dei'shle, so tbat the ste^i 

gurroiiTuled h} x^ackii ^ ^ ^ movement ot tbe 

:;iw<raS “ 1 J «„ .aLti«-p».H ....i aii«™ -»». t„ 
“?C»l.c.ion .t»,. ft,™ «» -PF-- P-‘ "f *>“ P“*« 

rtaS“siv»“: r»azr«s«" fcu, », 

of the entrance and exit of the steam, as xne laiio r 
norts of the cylinder. 
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similar to Knmsey’.s, Imt having packing at the cuds of the 
teeth. 

Murdock was anxious to introduce steam on common roads, hut 
it -was strongly opposed by James Watt. Ho constructed a small 
model high-pressuro locomotive in 1784, and this was aeon drawing 
a model wagon round a room in his house at Eediuth, Cornwall. 
The cylinder wms f inch in diameter by 2 inches stroke, and the 
boiler was of copper, with a flue passing obliquely through it, and 
was heated by a spirit-lamp. 

Murdock is better knovm by his application of coal gas fox- 
lighting purposes at Eedruth, in 1792, and at Soho works and 
other places after the peace of Amiens in 1802. 

Among other inventions of Murdock may be mentioned his use 
of compressed air for an engine and lift at Soho, and for ringing 
the bells of his house ; and his apparatus for heating bxiildings by 
a circulation of hot water in pipes from a boiler. By accident he 
discovered that when iron borings and sal ammoniac are mixed 
together, they form the excellent iron-cement now commonly used 
for cast-iron tanks, cto.^ 

It will now bo seen that Trevithick, in Cornwall, in connection 
with his partner ’i'ivian, lor the first time used hig'h-]}rossnrc steam 
in^ an ongino for driving the piston ; though it must ho homo in 
jnind that Savory and I’apiu had both used steam of some pi-cssure 
for driving water up a pipe, by pressing on the surface of a body 
of watci- enclosed in a close vessel, and it has boon noticed that 
Watt said, “ I employ the expansive force of steam to imess on the 
piston,” “ in the same manner as the pi-essure of the atmosphere is 
now employed in the common fire engines,” though ho never used 
high pressure, nor would allow Murdock to do so, or in any way 
coimtenaiice its use. 

^ Thus Trevithick may he said to be the originator of the use of 
high-prcssuro steam iu steam-engines, and a very proud position 
this is. 

The high pressure ho worked with, was, to say the least, a 
xospectable piessurc, viz., 2o Ihs. to 150 Ihs., according to circum- 
stances, although ho had only cast-iron boilers at first in which to 
raise his steam, but afterwards employed wrouglit-iron boilers ; 
.some, .0 feet C inches in diameter by 40 feet long, for 100 lbs! 
pressure ; and “ Cornish boilers,” 5 feet diameter, by 18 foot long, 
with an internal oval flue 3 feet 4 inches by 3 feet, and one 0 feet 
2 inehes diameter by 22 feet long, with a 4-feet flue. 


‘ Institution of Mechanical Engineers. Trooeedings, 1850. 
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One of ln« first engines was a rotative engine with beam and 
eylimler, 19 inches diameter by 5 feet stroke, erected at “Cook's 
Kitchen” in 1800 ; this engine had a “fonr-way ” cock for allow- 
inf** of the entrance and exit of steam to and from the cylinder, and 
other engines were made like it. Inimediatoly after this Irovi- 
thick engaged in the construction of a steam-carriage, which ran 
some time, but received considerable damage on the hilly roads 
in the neighbourhood ; this was called a “ puffer.” A horizontal 
IxdlowB worked by the engine was used to urge the fire. He then 
constructed another, which was brought to London in 1803, and 
witli a carriage attached, ran along the Ke-sv Eoad; he also had 
a locomotive on a tramway in 1804, hut as it broke the '^^rara- 
])]ates it was taken off and used as a stationary engine. ^ Ihe 
ciluction pipe of this engine discharged the steam up the chimney 
to improve the dranghh In 1808 he had a circular railway near 
Eiiston Srpmre, on wliich he had an engine that ran at the rate oi 
12 miles ]K*r hour, but it eventually loft the rails, and was not 
again iised J My lather, the late Professor Cowpor, saw this engine 
running. Trevithick also devoted his attention to pumping- 
enghu's, and invented tlie “plunger-pole pump,” now so much 
used in Cornish mines, and made many high-pressure engines, and 
when in partnership with Bull, made “ Bull engines, in which 
a vacuum was obtained by injection ol cold water up the eduction 
pipe. This last arrangement was comxdained of by Boulton and 
Watt, and <lamageH wore recovered against the makers. 

Engines were put up by Trevithick in the north oi England as 
well us in Cornwall, aiul one or more in London, as one boiler 
burst and killed four men Homewhero in the neighbourhood of 
i^ondon. An early example of a Trevithick engine has lately been 
rcBcned fnun destruction by Mr. F. W. Webb, .M. Inst. O.E., who 
will bo happy to show it to any memher. 

A few words are here necessary in reference to the Cornish 
system of -woiking pum})ing-eiigincs, with high-pressure^ steani-, 
very expansively, and wdth a vacuum below the piston ; for it is 
evident that if the total pressure on the piston towards the end of 
the stroke were ecpial to moving the load of pump and “ pump- 
spears” (or rods), that the pressure on the piston would ho far 
too great for the load at the commencement of the stroke ; now 
the practice is, to out off the high-pressure steam so early in the 
stroke, that the piston will only just reach the bottom of the 
oylinder, the result being that the piston, “ pump-spears ” and 


* Life of Trevithick, by F* Trovitkick. 
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plunger-poles ’’ all iiioYe %Yitli great velocity directly the steam 
enters the cylinder, and then the very momentum of the moving 
}nass enables the piston to reach the bottom of the cylinder, 
although by that time the pressure on the piston is much less than 
the load.^ 

In many Cornish mines one circumstance that much helps this 
mode of obtaining great expansion and consequent economy, is the 
fact that the pump-spears and plunger-poles weigh more than the 
engine can lift, and it is necessary at various places in the pit to 
put “ balance-bobs,” or ]3eams, connected to the “ pump spears,” 
with balance weights at their tail-ends, to carry part of the weight 
of the “ spears,” so that all this extra weight adds to the inertia 
and momentiim when working with a quick stroke as mentioned. 

It does not follow that the engines shall make many strokes 
per minute, as they^often stand a considerable time between eacli 
stroke, and the “plunger-poles” always descend quickly whilst 
forcing up the water in their descent. The injection is often 
shut oif whilst the engine is standing, to prevent an unnecessary 
quantity of water entering the condenser. This is sometimes 
acconiplislied by a valve, or the injection is thrown in l:.)y a pump, 
wdiicli is an excellent mode, and might he adopted with advantage 
in other engines, so tliat the hulk of the cold water should go in 
at the instant the bulk of the steam entered the condenser, 

A very excellent arrangement for preventing air from entering 
by the stuffing-box, and one which ought to be more commonly 
known and adopted, is the “ lanthorn brass,” which consists in 
arranging two rings of packing in contact with the piston-rod, 
one a little above the other, and then admitting steam between 
the two, so that if any leak exists it only allows a little steam to 
pass in instead of air, which can be condensed, and therefore 
does not spoil the vacuum so much as air does. Water may be 
used instead of steam. This again was the inventidn of Trevithick 
in 1802. 

Tlie very great attention that used to be given to the engines 
in Cornwall (partly in consequence of their being always reported 
in Lean’s Eeports), and the above economical mode of working 
expansively, very justly eaimed them a great reputation for some 
time, and, in fact, gave rise to some curious speculations about 
the “ percussive force of steam,” & g ., &c., much discussed at one 
time in this place ; however, these matters are better understood 
now, and double-cylinder and compound pumping-engines have 


^ Farcy on the Bteam-Bngine, 



COWPBR OH THE STEAM-EHGIHE. 


long suipassod, in economy, tlie simple Comash, pumping-engino 

for waterworks pm-poses. Thomas 

It was owing to one of your members, the late Mi. iiiomas 

Wicksteed, that the first Cornish engine was pnt iip in London 
alxmt 1847, at the East London Waterworks; hut it was not 
"miito at homo in its new position, as it missed the deep pit, and 
enormous weight of gpears and poles, with their “ balance-hohs, 
and consequently had not nearly as much inertia and momentum 
to help the expansion as at a Cornish mine, and therefore con c 
not work so expansively or economically. In fact, there was only 
about 12 to 12i Ihs. in the cylinder, whilst there was some4o Ihs. 
in the holler at the beginning of the stroke, yet it did its work 

^ The late Canon Moseley, of King’s College,^ London, invented, 
and made, a very elegant “ indicator fur taking the total power 
of an engine in Ibs.-fcct without any calculation, and applied it to 
the engine iust named; the principle on which it was cpnstrncted 
was tliat of a small disk traversing, hy the varying pressure of steam 
over the face of a larger disk, which was driven hy the piston ot 
the ono-inc, so that the revolutions of the small disk which gave 
the notation, depended firstly, upon ilc distance it was moved from 
the centre of the largo disk hy ilto power of ^ the steam ; and 
secondly, on the motion of the engine-piston with such pressure 
on it. Thus the power in Ihs.-feot was given by a counter, the 
motion of which was taken from the small disk. 

It operated very satisfiictorily, and told a tale of the engine 
not making quite its full stroke every time ; in fact, the engine- 
men almost always make rather short strokes, to keep the beam 
from striking the “ spring hoams,” and, in fact, to work safely. 
It may ho observed that, as a rule, Goriiish boilers for Cornish 
pumping-engines are worked with very thick fires, and with slow 
combustion ; and an experiment has been tried more than once to 
gain some advantage hy keeping the cylinder warm by passing 
flue round it, but tltis is very liable to throw it somewhat out of 
truth, and to make the piston cut, and tlic iilan is not generally 
adopted. 

It will bo seen that in following the Cornish engine the chrono- 
logical order has been departed from for a moment ; but, strictly, 
the engine of Woolf in 1804 should ho hero noticed, as it was a 
considerable stop in advance towards making an economical and 
Btoadily working engine for rotative purposes. There were two 

' Minutes of Proceedings Inst. C.E., vol. ii. (1842), p. 102. 
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cylmders to one l^eani, tlie one a small one, witli tlie shortest 
stroke, taking the liigli pressure steam, and the other a larger 
one with the longest stroke at the end of the heam, receMng its 
steam from the first, and expanding it Tery considerably, so that 
the Slim of the xiressiire on the two pistons gayo a total pre^ssnro 
Avith far less A^ariation than when the whole work and expansion 
Avns done in one cylinder, and thus produced a more regular 
rotative motion, and was very economical. It must, hoAvoAnn*, 
he noticed that Woolf, in his first patent, Avas quite wrong in his 
expansion curve; thus he stated that 30 Ihs. steam might bo 
expanded thirty times, and then be at the ^nessure of the atmo- 
sphere, Avhercas it can only be expanded three times, or rather less, 
to finish at the x>ressuro of the atmosphere. IIoAvcA’-er, ho does 
go so far as to say that some variation may he made in the xu’o- 
portions he giAns, and that the high-pressure cylinder or ‘‘measuxo 
for the steam ” may be made larger or smaller. 

SeA^eral imjiroved locomotwes next appeared in rather quick 
succession, and altliougli they all deserve our attention, it Avill ho 
imX>ossil)lo to go into details beyond their general characteristics. 

John Blenkiiisop in 1811 invented tlio ‘‘rack rail,” either 
forming one of the rails or as a central rail, and a piece of an 
actual rail is noAV on the table, lent by the Council of the Institu- 
tion of Mechanical Engineers, and although not at all fitted for 
high sx)eeds, it is a cpiestion CA-cn now if it is not as good, as a 
central rack for very steep inclines and low s^jeeds, as some at 
least of the schemes for the same x>urpose. 

Tavo double-acting cylinders A\-ore noAV first applied to a locomo- 
tive, and this of itself Avas a great practical step in adyance, and 
gaA"o a great impulse to steam locomotion ; the engines began to 
run in 1812, and ran for many years. 

In 1813 three locomotiA'es by ^different makers were set to work 
on colliery raihvays — -auz.. Chapman’s chain-'engine at “Heaton 
Colliery ” (soon abandoned), one of Blenkinsoxf s on the “ Kenton 
and Coxlodge Eailway,” and Hodlcy’s first engine Avith smooth 
wlieels at “ Wylam Colliery ; ” the latter had a cast-iron boiler 
and a single cylinder and a fly-wheel ; it did not steam Avell, and 
another Avas made Avith a Avrought-iron boiler and “return fire 
tube,” but still with a single cylinder and fiy-wheeh Tins engine 
Avorked Avell, and dreAv eight loaded coal wagons at four or five 
miles per liour. 

The continued use of this and similar engines at “ Wylam Col- 
liery ” proved the highly important fact that smooth wheels could 
have sufficient adhesion given to them by the weight on them. 



^2 CO-WPEB ON SHE STEAM-ENGINE. 

EclS*tol!SiTl8”l3''or itV two oyliBdcrs, and 

lleatorand Wyla-m Kailways, ami in 1814 constructed a locomotive 
boiler and wrouglit-iron interna tube «- 
rItVit two vertical cylinders 8 indies diameter and 2-feet 
stroki let into tbe boiler, with cross-head and connecting-roc s 
Set boiler; it was thus similar to B^inso^^^^ 
iut it had smooth wheels, lihe Hedley’s. It -7^/ 0 ^ 5 the 
halph Dodds and George Stephenson . +0 crat 

arranjen«nfc of attaching tho connecting-rods 
T,ins in tho wheels, and thus the spur-gearing previouslj used was 
Abandoned, the two axles having double cranks and oonnocting- 

riids between the bearings to couple the axles. i ,1 „ 

Stephenson applied springs in 181C to locomotives, and thus 
gradually did the locomotive acepire the character of a practica y 

’"'Sc wtmtives on the Stockton and Darlington railway (which 
was the iL^ to caivy passengers regularly) were not alto- 
gether satisfactory, and no high speed could be 
Timothy ITackworth, who was manager ol the working ^ePf*' 
mento/ the railway, put inverted cylinders to a locomotive, 

■ them on each side of tho boiler, and connecting them at right 
angles to tho same axle; this was another stop in the right diicc- 
tion, dim to direct action, although tho vertical position ol Ao 
cylinder was objectionable on account of tbe power ol tho engine 

setting the springs in action. ti m , 

Ilackwortli used the “return fire-tube” m his boikr, like ^c- 
vithick and Hedloy had done, in place of the straight tabo that 
Blenkinsop and Stephenson had used, and he narrowed tbe orUice 
of the eduction pipe in the chimney, so as_ to make a bettor 
“blast-pipe” of it, and thus to urge combustion in the tire most 

Thelme of this “blast of exhaust steam” was not unknown to 
Trevithick, but Nicholas Wood said “it was laid aside, or only 
partially used when only slow rates of speed were required. 

Tlio thuo was now fast approacliing ior tlio openmg o le 
Liverpool and lilanchestor railway, and it had not been settled 
how it was to be worked, and a prize was ofiored for the best 
means. It will lie seen how the eflidency of tho locomotive had 
gradiudly been increased, partly by simplifying the parts, but 
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^'cry miicli l)y improyiiig tlie evaporating power of tlio toiler, fir.st 
by a ‘‘ retnni iire-tnbe,’’ and then by a forced dranglit. 

The competing engines were the ‘‘ Sans-pareil ” of ITac.^v worth, 
made as above descrilDed ; the “ Rocket,” by Stephenson, and the 
“'Novelty,” by Braithwaitc and Ericsson^ 

The most striking improvement in the “Rocket,” w’hich gained 
the prize, 'ivas tliat of having the “ imiltitnbnlar boiler,” the idea 
of -which, it is believed, was first suggested by Mr. Booth, tlien 
secretary to the railway ; the tubes were 3 inches diameter, and 
twenty-fonr in number, and a square fire-box surrounded by water, 
and attached to the boiler containing the small tubes, supplied the. 
Jieat that passed through the tubes to the chimney, the draught 
being urged (at all events after the few first trials) as in JTack- 
wamth’s engine, hy a “ Idast-pipe,” but the second great alteration 
was that of putting the direct-acting cylinder at an inclination to 
tlio axle, in place of their being vertical, and later on tln^y were 
put still nearer t-:> a liorizontal line than at first, so a.s to avoid 
acting on the springs and making the engine jump, as the “Saiis- 
pareil ” did, ^ind as tlie “ ]\Iancliester ” afterwards diiL 

The “ R(.)cket ” hml S-ineh cylinders ; 1 foot 6 inches stroke, and 
a boiler o feet diameter by 6 feet long. 

This (‘.ngino drew 9jV tons, weighed, -udth water and coin*, 
31 tons, and ran at 12 miles per hour. 

ddie “ Novelty,” l.)y Braithwaitc and Ericsson, had a very eco- 
nomical boiler — in fact too economical for full useful efibet ; it had 
a round fire-box surrounded by water, and the body of tho boiler 
was a long cylinder, wdth one long flue, of small size, of copper, 
passing baekrvards and forwards the whole length several times, 
and tho fire was forced through this flue by a pair of bellows, 
■worked by the engine. It was a very light engine, and rvould not 
draw a heavy load, and the flue gave way several times, but I 
think it is only due to tlio memory of my old master, J ohn Braith- 
waite, to state that it was the first engine that ever ran really fast, 
as it did a mile in fifty-six seconds. 

There is no doubt rvhatever but that the new construction of 
boiler employed in the “ Rocket ” gave the grand impetus to loco- 
motion ; and this, together with other improvements in the engine 
and mode of working tho slide by the link motion, has given ns 
the ordinary locomotive of the present day. 

It has been necessary, in order to connect in one's mind ilio 

^ “A Bractical Treatise on B-ailroads and Interior Corainiinieation in 
general.’’ By Nicholas Wood. London,, 1831 (and various later edititnis). 


CO-WPEB ON THE STEAM-ENGINE. 

Stops in tlie improvement of the locomotive, to leave 

U» iS’S ClyafJnia fa 1802 , omi Mr. OfaI«»^ «fa«.pt 

Hiid on tno I n w + 4 . Miller in liis attempts, Pulton, 111 

to got . 11 „| tlio “ Cleremont,” in 1807, whicli 

America, liad pnlt a lio Potwocn Now Yorlt and Albany, 

T ctdnS^^^vSrwero’made at Sobo, by Bonlton and Watt; 
illL STo bLsbM that it led to the building of larger steamers 

in America. ^ Tf.mrvBcU in Scotland, started a boat about 

111 tio 5 car ^ p ^ carry passengers between Glasgow and 
40 feet By the boats on the Clyde ; and 

4e the first stcamhoat to cross the 

Siannol torn England to the Continent, running from Margate to 

mirnr boats were now built and began to run regularly ; one 
the ^vas seen by the late Brofossor Cowper somowhexe 

TtItS Mamlslay, in 1807, made a very neat form of con- 
letisiim- oi)<nxxo for laud purposes, without a beam, of a foim ofte 
t ied^a ’ ”tahle,’’ or “pedestal engine,” the cylinder standing on 
a “stool” or “table,” and having a cross-head and side-rods to 
1 crankshaft below, which had a central short-throw crank to 
toTtwo short levers or beams, for working the air-pump and 
cold-water pump. There are engines of this constiuction still 

''Te™y.tlo.«Vte iml>»vomo„t, .«d «.»» ~1 fa'l^v^ 
mentsf follow about this time in ipiick succession and time does 
nut admit of a full description being given of them, but a few 
words must bo said in reference to several. 

Ill the year 1822, Jacob Perkins appears to have commenced his 
cvperimeuts,and made a high-pressure boiler that, it was intended, 
should bo full of water ; and in 1827 had another with small tubes 
with water in them, and a steam-chamber lor high-pressiu-o steam. 
In 1831 ho had vertical tubes projecting down from the boiler and 
closed at the bottom, but with circulators inside them in the form 
of smaller tubes, open at top and bottom, so that the water could 
flow down tho inside tiilio, and the steam and heated water could 
flow up tho space between tho two tubes. The internal tube or 

> “ An Hkterical and Deocriptive Account of tlio Steam-Engino.” By 0. E. 

Fftrtiiigtoa* 8m Loadou, 1822. 
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circulator liad not a trmnpet moiitli at tlie top to tlirow tlio up- 
rising steam away from tlie current of water fiowing down tlio 
centre, as tlio ‘‘ Field tubes ” of tlio present clay liavo. 

Thomas IIoAcard had an engine he called a “ Vapour Engine,’^ 
but later on lie had a more practical form of the same thing. 

Walter Hancock in 1827 made an ingeniously-constructed boiler 
which -was of great interest, as he succeeded in acconiplishing a 
great deal of -work witli it, in steam-carriages on common roads, 
having regularly run some four or five along the New lioad from 
raddington to Finsbury Sfxuarc, for many months together, and 
liaviug run longer trips to Brighton and elsewhere; and I 
well xemeinbcr following one called the “Experiment” some 
distance from Brixton towards Croydon. The boiler consisted of a 
number of flat chambers with water in them, placed near together, 
but allowing room for the hro to play up between tlxein, the whole 
being tied together, outside, with tie-rods and light girdc3rs, and 
the flat chambers taking a bearing against each other, at places 
where tlioy w-ere bulged out for the purpose. Hancock drove the 
wheel-axle by means of a horizontal chain from the crank-shaft, 
and thus allowed the springs full play.^ 

Bamuel Hall, in 1831, sho’wed a mode of attaching the numerous 
small tubes of a condenser, like Watt’s surlacc condenser, to tlio 
end tube-plates by means of stnfling-boxcs, a plan much used at 
the present day. 

In 1832 Trevithick proposed to propel a boat by ejecting water 
from the stern. 

Thomas Howard had a further improvement in his “Vapour 
Engine,” by which ho obtained a chamber in which to maintain a 
supply of vapour from the -water injected on to a plate on the 
surface of a liquid amalgam of mercury and lead, the intention 
being to evaporate the water very qnickly ; and he said the water 
might be heated heforehand. 

Bamiiel Hall further improved his “ Surface Condenser,” and 
applied distilling apparatus to keep up the supply of fresh water 
when at sea. 

Ernest Woolf patented the idea of coupling two or more distinct 
engines, one to take steam from the boiler, and the second to take 
the exhaust steam from the first, 

Francis Humphrys (brother of the late Edward Iliimphrys, 
M. Inst. C.E., of Deptford) brought out an ingenio:{is form of 
engine in 1835, intended chiefly for paddle-wheel steamers ; it had 


^ liLincocks specification of Patent No. 5514 of 1827. 
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viHtoii-rod, in tlie form of a flat trunk, to allow of tlie 
of tlie connecting-rod inside it, tlie lower end of tlie rod 
led to tlie piston. A pair of engines on tliis plan were put 
of a steamer called the ‘‘Partford,” which lay in the 
a Pocks for a long time. This hoat had Halls feiiiface 

Condenser.^ 

In the, same year Spiller s boiler came out, with a large sciuaro 
firebox surrounded with water, and with a large number of small 
tubes, full of water, and crossing tlie inside ot the box from side 
to side, the tubes being at an inclination of about 3 inches to a 
foot, so as to gi-vo cpiick circulation. Sonic fair results were 
obtained from a few small boilers in boats, but there was not much 

done with it on a large scale. ^ ^ i i i 

Again in the same year William Symington introduced a liigliJ} 
ingenious plan for condensing the steam, or cooling the fresh 
conderiBing water, in pipes outside the ship, laid along on either 
side of the keel ; hut tliis proved to ho too exposed a situation. ^ 

W. I'aylor and H. Davies patented a disk-engine in 1836, which 
was a speiu'al form of rotary engine, having a chamhor of the 
general form of a central slice cut from a sphere, which had two 
ends of a conical form projecting towards the actual centre, witli 
teeth like two lievol-wheels, Imt they did not (luito reach the 
centre ; then, attached to a largo central solid hall, there was a 
disk with teeth on it, fitting the teeth on the cones, and gearing 
into them when such disk was inclined, and this inclination w^as 
tditained by meauB of an atm firmly fixed in the central hall, and 
having the other end inserted in a small iiy-wdieel at a distance 
from its axis, so as to form in IVict a crank-pin. The disk had a 
slit in it, to enable it to roll round on the cones, and pass a division 
fixed at one point between the cones. 

The steam ^vas admitted continuously on one side of the fixed 
division, and escaped on the other side. Tlie teeth on the disk and 
cones were intended to prevent the steam passing the two lines of 
contact of the cones and disk, and the steam continually pressing 
on the disk, caused the arm to move round, and so turn the fly- 
wheeL 

The leakage of steam was so serious that it was often impos- 
sible to tell, by looking at the eduction-pipe, whether the engine 
'wae at wmrk or not. This engine was strongly backed up by a 
company for a time, but it is])elieved that there is not one at work 
at the proBOtJ^t time. 


* Tredgold on the Stcam-Eiigiiie. 
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Several inventors attempted to improve it, amongst otlicrs Ih\ 
Bishop, -who lias a very ingenious but complicated plan of making 
it expand the steam somewhat. 

In the year 1830, Elijah Ghalloway proposed a highly ingenious 
arrangement by wliich two cylinders could drive a crank com 
tiniially, owing to their being connected to the two upper ends of 
a. frame like the letter Xs bottom being connected to the 

crank, the cifect on the shaft being the same as tliough the two 
cylinders were at right angles one with the other. 

A variation of Davies’s disk-engine is described in the same 
patent, having a disk, without teeth, to vibrate in the barrel, whicli 
is part of a sphere, the disk being jointed in the centre and the 
Ijarrel revolving. 

Thomas Craddock, in 1840, designed a “Surface Condenser,” to 
Ito put in motion in air or water. It consisted of a largo niiuilxir 
nf small vortical tubes, inserted in tubular arms, into which the 
steam fi*om the engine entered through a central stuffing-box. 
This condenser wdien working in the open air gave a very fair 
vacuum, even on a hot day in August, 

d'ho boiler was composed of a largo number of vertical, or nearly 
vertical, tubes connected at tlio top and bottom by chambers, and 
surrounding the fire, whicli was at the bottom. Tliis lioiler would 
carry 90 lbs. steam with great safety, but liad no large rjiiantity of 
wTitor in it to keep the steam regnlar. lie some time after put a 
liigh-pressure cylinder to give its steam to a low-pressure cylinder, 
the cranks being on the same shaft. 

David IS'apier built some boat-engines on the Thames about 1842, 
with four light vertical piston-rods to one cross-head above the 
paddle-shaft, the connecting-rod descending from the cross-head to 
the crank in the paddle-shaft, and the rod and crank wrorking 
betw^een the piston-rods. The same effect may be obtained by two 
piston-rods, as is now^ commonly done in many horizontal marine 
engines for screw^s. It appears that such “ Ketuni Connecting- 
rod ” was quite new at the time Napier introduced it."^ 

I w^ell remember as a lad being sorely puzzled to see any good 
reason wiiy steam should not ho used first at a high pressure, and 
then be expanded and condensed in all situations wiiere con- 
densation could bo managed. Later on, in 1844, after I had made a 
number of simple ‘ high-pressure engines, I had an opportunity of 
making a pair of 35-HP. engines, and I drew out an pxp)ansioii 
curve from Pambour’s table of the pressures and relative volumes 


1 “The Artizan,” 185k 




I, and expanded nine times, 
i<y a good vacnnm (witli a 

- j. I liad wished 
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and John Mathe-w brought out _an 
1845, by exteiicling the cylm- 
emls of tlie cylinder, and so obtaining 
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This, at first ' sigbt, would ^ 
actical oircuinstances of expan- 
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bo power obtained was 2;^ 
atne old boilers. 

John Penn, William Hartree, 

.mproYcment in trunk-engines in 
Irical trunk tbrougb both 
filbnont guidance for tbc piston. 

David Kapier proposed to make part o ci s iii ^ 
and UBO it as a ‘^Surface-condenser 

'inncar to be a good idea, but tbepii 
Bion and contraction, leaks, and 
inent and other coiiBiderations, render sucb a use 

ii P very ohjoctiouahle, notwithstanding the tempting 
horSiing always a sharp eurrent of the coldest wa - 
in contact with the condenser, without the need of any 

I miEw very shortly notice a unmher of different Ibnns « 
constructions of engines, some for paddles and some for screus, 

ibiis some time Inifore 1840 — - . i x-i 

M’ossrs. Penn had introduced vertical vibrating ciigmcs Wh m 
snu.ll and largo boats, and later on, Messrs. James Watt and Oo. 
liiid iiitnxlnccd horizontal vihrating engines for soicn s. 

David Kapier had a forked conneotiug-roil, reaching ontsido i. 

a forked CTOBshead, for paddlos.=s _ 

Messrs. Ilennio had upright direct-acting engines for padiUcs, 

^ here 1 lein" a parallel motion to the piston-rod. 

mss" Maudslay Sons .and Field had two cylinders with one 
T-shaped crosshoad, and a connecting-rod from the liottom o. it 

to the crank of paddle-shaft. ^ •. 

About 1857 1 determined to adopt, lu common with otlicio, a 
large and small cylinder, hut I added a. steam -jacketed reservoir 

> “ A Tieatiso on tlio Stcam-Engtoo in its application to Minos, Mills, Stoam- 
Naviifation, and Railways.” By John Bourne, dto. London, isth. 

b<A^«IiiTm\hf’steaBi-Enginc.’’ By J. Scott Bussell. Svo. London, 
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(now commonly called “ Cowper’s Hot-Pot ”) between ilie cylinders, 
and pnt tlie cranks at right angles to obtain uniform motion. 

A pair of GO-HP. engines so fitted did good duty, and^vorked 
very economically; and a further improvement for obtaining a 
very uiuform rotative power consisted in cutting off the steam at, 
or about, half-stroke, in both cylinders. 

In numerous cases, such “ compound engines,” with both cylin- 
ders well steam-jacketed at top, bottom, and sides, and with the 
reservoir, or hot-pot,” also well steam-jacketed, are at work, 
giving a HP. per hour with less than 2 lbs. of good coal. 

Some time before 1854, Captain Carlsund, in Sweden, had two 
inclined cylinders, pointing dowm to one crank on the screw-shaft. 

Messns. Thomson had vertical inverted direct-acting screw- 
engines, the cylinders resting on standards that were sometimes 
made into condensers, the air-pump being driven by a lever. 

The '‘rrinccton” engine, as designed by Captain Ericsson, hnd 
pistons moving about 00^ in the segment of a circle, each piston 
being attached to a shaft which had an arm outside, taking one 
end of a connecting-rod which reached to the crank. The angle 
Ibrmed by the two connecting rods being about 00® they took hold 
of one erankd 

The old-fashioned ** side-lover ” marine engines were probably 
first ma-do by James Watt, and afterwards by many firms ; this 
fimm was exclusively used for driving paddle-wheels, and in tlu.‘. 
first ships wliich crossed the Atlantic.*'^ 

In 1862 a further improvement was made in the steam-jacketed 
reservoir, which consisted in not heating up the steam wiioii it 
entered, but heating it up when it was drawn off from the “ pot ” 
into the low-pressure cylinder ; this was accomplished in the fol- 
lowing manner, without any valves, viz., by fixing a “lining” 
closed at one end and open at the other, inside the reservoir, and 
causing the eduction steam from the high-pressure cyli rider to 
enter the “ lining ” at the open end, and making it issue from the 
reservoir at the opposite end from the outside of the “ lining,” so 
that the steam vms obliged to pass between the “ lining” and the 
liot steam “jacketed sides of the reservoir in a thin sheet or stream, 
wherclry it became somewhat further warmed up, as it supplied' 
the low-pressure eyilnder, so that it might give a very much better 
indicator figure in such cylinder, and thus develop more power.*' 

Thus no excessive temperature wvas imparted to tlie steam, and 

1 “The Ariizaii,'’ 1854. 

- Transactions of the Naval ArcMtocts, 1804. 

^ Trcdgold on tlie Steam-Engine. 


80 


COWPBE ON THE STEAM-ENGINE. 


' 110 cntting of slide-valves or ocoiirred, as lias often been 

tlio case vdicn a Mgb. degree of snperlieating in the first instance 
lias heen adopted. 

rerliaps the commonest form of marine engine for driving a 
screw propeller in a x'^assengcr and merchant ship is the inverted 
C}dinder class, or Steam-Hammer Engine,” as it is sometimes 
called; the frames on which the cylinders rest heing generally 
utilized as condensers, or siirface-condensers. For the Navy, where 
it is necessary to keep the engines helow the water line on account 
of sliot, horizontal engines are generally adopted, and the com- 
monest form is with two piston rods from each piston, running 
past the crank-shaft, and then joined with a cross-head running in 
guides, and with a connecting-rod returning to the crank.^ 

Tlio cylinders of hoth these classes are generally arranged 
on the compound principle, viz., witli the steam passing from the 
small high-pressure cylinder to the large low-pressure cylinder, 
through a reservoir. 

Another arrangement (often called Tandem”) of higli- ami 
hjw-pressure cylinders, viz., one ahove the other, with pistons on 
the same piston-rod, or practically so, is chielly used in the mer- 
chant vservice ; a pair l)eiiig used, with the cranks at right angles.^ 
Anotlicr arrangement, chiefly a<lopted for very powerful engines, 
consists of three cylinders, one high-pressure and two largo low- 
pressure cylindorH, with an intermediate reservoir, and the three 
cranks at 120*" apart. In some cases tlw crank-sh.aft has hoen built 
; up of a number of separate pieces well fitted togethord 

In a Taper by ^^Ir. JTolt, in 1877, ho described his use of a large 
[ single-cylinder engine, with one crank only, in a large ship, there 

[ ' being a ily-wh(‘el 12 feet diamoler, and of 7 tons weight, to lielj) 

I , tli{‘- engine over the centres ; he had adopted this form in several 

I sliips of liis ownd 

I , ]\loro recently ]\rr. Holt has adoi)ted two cylinders, the liigh- 

pressure above the low-pressure, with one (frank only, in his own 
V, . ships.^ 

Kirk has adopted yet another form of engine, wdtii three 
- cylinders and three cranks at 120'"; the cylinders are of three 

different sizes and very high-pressure steam, viz., about 125 lbs. 
enters the smallest cylinder first, and tlien passes through a rcser- 
' . voir to the next sized cylinder, and, finally, to the largest cylinder, 

through a reservoir, by which means great exj)ansion is obtained. 


* Institution of Mechanical Engineers. Proceedings, 1881. 
’ Minutes of Proceedings Inst O.E., toL 1. 1. 
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In certain cases tlie consumption has been as low as 1*28 lb. of 
coal per indicated HP., being the lowest over recorded. ■ r 

• 

It should be noticed that at various times there Iiad been 
attempts made to run steam-carriages on common roads, besides 
the successful working of Walter Hancock’s steam-carriages, and 
many persons wished to push them forward in place of promoting 
railways. 

The names most connected with these attempts were those of 
Goldsworthy Gurney, Colonel Maceroni, Dance, Burstall, and Hill, 
Church, and Gibhs. 

Tliomas Aveling, later on, made excellent traction-engines fur 
low speeds, chiefly for agricultural purposes, and which are now 
largely used, as well as those produced by other makers. 

Steam-hammers, by Nasmyth and many other makers, have Ijeen 
largely introduced, as well as steam-riveting machines, blowing 
engines, cranes, crabs, steering apj>aratus, air-compressing macliines, 
cold-air machines, well-boring machines, dredgers, excavators, and 
steam-navvies, &c., &c. 

Locomotive engines are so constantly before the eyes of everyone 
that it would be wasting time to attempt to describe the varieties 
that exist, their very names -would almost fill a page ; even the 
types are numerous, as, for instance, passenger engines and goods 
engines, inside and outside cylinders, coupled or uncoupled, six- or 
oiglit-wheeied, bogy, tank engines, &c., 

A photograph of ‘‘No. 1,” the early Darlington engine, is to bo 
seen in the library. 

But one new form must be noticed, viz,, Mr. Webb’s three-cylin- 
der compound engine, -^vorking with 150 lbs. steam, in two small 
outside cylinders working to cranks at right angles on to one axle, 
the steam being expanded, and then passing to the large cylinder 
working on to one crank on anotlier axle, and without any 
coupling rods, the saving in fuel being very considerable. 
This engine has Joy’s valve motion, which is an admirable em- 
ployment of the side motion of the connecting* rod, and the end 
motion of the x)iston. There are some hundreds of locomotives now 
building on this plan, and tens of thousands of HP. in marine 
engines."^ 

An excellent form of quick-working engine for torpedo-boats, 
and for other purposes where high speed is required, has been 
brought out by Mr. Brotherhood ; it consists of three cylinders 


* Institution of Mechanical Engineers. Proceedings, 1883 . 
[the IHST. C.E. LECT. VOL. 11.] Q 
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As already mentioned, the ea » J? 1 « ^ Oonusli, or 

,.„-0,.gihi ..eh “ "'■"“■“reiril", heslie. the t™ «- 

tlio '‘Bull” Cornisli. ^ for iiistanco, tlie rotative 

named, other forms hayo “Compound,” as made 

iKjam-engino, cither ^.3,^ horizontal, either 

l,y Messrs. Simpson and Co. and ou . forTertioal 

aicct-acting or with hoU "ntLlnced hy Messrs. 


bWlCUlA . ' . 

„.,rking the valvty. ■h„.Htclvhcon made an arrangement 

To snit .a special case theio has ^ with all parts 

M horizontal country hy hullock wagons ; 

made light for carriage , 1 ^-^ith the cylinders, and 

Sh'^Xhetli'"^ e.ti„lyihaepe.a.. o, It. 

fellow, if noecssury. 

BOILEV.S. 

I »..t ™ly Eiye . -e-i* *» •’“> ■“ 

will not admit of more. _ Newcomen’s engines at 

In 1756 Brindley, when ^^^d stone, firmly 
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tlieir seatiwgs, or blow up. On the table before yon is a piece of 
a copper lia3T5taclc lioiler, wliicli I replaced witli a donblo-fLiiod 
Cornisli boiler. I belicA^o tlvis was tlie last loft in Jjoiidon' 

Watt’s form of boiler ^vas tbe wagon boiler, at first witli vertical 
sides, Init afterwards witli curved sides, strengtlioned by cross- 
stays, tbc bottom being curved up like a flatarcli; tlieso often 
liad an internal fine as well. Occasionally tlio fiat ends wore 
stayed, to prevent tliein from straining or “ panting,” as tliey often 
did at every stroke of tb.c engine, wben it was attempted to make 
tliem cjirry more tlian 3 or 4 lbs. per square hick. Tlie continued use 
of tills form of boiler greatly hindered the introduction of high- 
pressure steam. 

By degrees, however, the “ Double-flued Cornish Boiler,” or 

Lancashire Boiler,” as it is often called, got into use, and then, 
of course, a higher pressure of steam was adopted, find in many 
cotton-mills an extra, small high-pressure cylinder was added 
to a beam-engine, near the crank, on the system advocated by 
MeXaught, and ^vith a largely resulting economy. 

Some “ Egg-ended B(jilers ” wore used from very early times, 
and arc still used at some ironworks where the water is had ; but 
the ordinaiy “ Cornish li^oilor,” with one flue through it, or the 

Doulde-fiiied Cornisli ” jnontioned above, have long been the 
staiidard or most usual stationary boilers, and when properly ]>ro- 
pcn'ticaiod and well made, are excellent steam-makers, tlioiigh they 
are im|)rovod by a few ClalJoway tubes introduced into the fines. 

Marino boilers have generally stood in a class by tlicinsolves, as 
tlmy cannot bo set in brick^vork on board ship, and tlioreforo must 
have tho whole of their fines complete within themselves up to 
the funnel. 

lilarly marine boilers were little more than square boxes, often 
with, curved tops, and were, in fact, nicknamed ‘‘Bandboxes,” 
and they would carry but little pressure, though stayed in various 
directions ; the furnaces and flues were plain rectangular boxes, 
giving room for a man to pass up, and, although stayed to some 
extent, wore very weak.^ 

Lamb’s boilers had a series of very narrow and deep flues, to 
return over the furnaces, and gave extra surface, but were difficidt 
to keep in order, and were very weak. 

One form of “ Bandbox-boiler ” was tried with two sets of flues 
one above tlie other, but this was soon abandoned for tho far 
superior construction of small “ return tubes ” over tho furnaces, 


^ Institution of Mechanical Engineera. Proceedings, 1872. 
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stTaiglitllirouglifronitho furnace. ^o 

iTi"Tj.: i^thStrtoW. "cTnniio^i 

not to P P "md wliere two furnaces w^ere not 

rurz:r.t,S'tS »ia.uo .». m.. •* • *«?»% i--- 
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Twi ™.-tl> imtting up will* tor tl.c 

Buell inarino boilers are now commonly ^''orkmg at 60 lbs. 

8f> lbs nor square iucb, and a few examples at l-o ibs. 

I have moitionod that the late Mr. Jacob Perkins at one tune 
tme ,1 a boiler composed of tubes to supply very high-pressure steam 
Sr woildng a steam-gun, and a small engine that drove an iron 
disk at the Adelaide Gallery, when it was hrst eroeted, and our 
member, Mr. Loftus Perkins, has more successfully constructed 
boilers with small tubes for working engines at 500 lbs. per square 
Sch. Such pressures can be centrollod, and it is more a question 
<vf expediency, and the consideration of a number of piactical cii- 
cumstances, that must always settle the question of whether it is 
advisahlo to carry a fairly high pressure or a very high pressuie 
I have mvself worked a holier at 1200 Ihs. per square inch foi some 
hours together, with one man, in a hnihling away from any others 
hut it was a small boiler only, and we kept a feed of uatei am 
Pidm oil through it, as it was for the purpose of taking the g j- 
Lrinc out of the palm oil, and so making acid grease Occasiou- 
allv the pressure ran to WOO Ihs. ; hnt, as a fact, 2W lhs.,_ana foui 
hours' time, is amply sufficient to change palm oil into acid gicase, 
on the plan kuo\vn as Tighlman’s, and I therefore erected several 
boilers to work at this pressure. 

I ought to mention that with these high pressures, and conseqiient 
high temperatures, it is always advisable to have several little 
cu^ (formed by drilling holes a little way in) with alloys m them 

> InstituUon of Mechanical Engineers. Proceedings, 1872. 

* Ibid. 1881. 
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melting at dificreiit temperatures, so as to know liow the pressure 
is rising by a second means, as well as having a pressure-gauge. 

I cajinot refrain here from alluding to a large horkontal pulp 
hoiler that I inspected, both before and after it had blown its cover 
oif, as it a]>poarcd that the pressure being ahoiit up to the usual 
limit of 150 lbs. per square inch, one of the small wrought-iron 
lieating-tnljcs inside the boiler, gave way, and so let into the 
boiler a charge of water and steam at perhaps 400 or 500 Ihs. per 
square inch ; and so the boiler, being quite full of liquid, it for the 
moment produced sufficient pressure to blow the end off, and the 
result was most violent ; for the boiler shot ahead like a huge Con- 
greve rocket, and first knocked down a wall of 3 feet of masonry, 
and ran along a very considerable distance, say about 100 feet, 
then cut a tree 10 inches in diameter in half, knocked down a 
wooden stable, and buried its front end 3 leot into a bank, by 
doing which, it burst the front end in. In fact, it behaved in a 
largo way just as this tiny boiler before you did, when I blew it 
up, just to show my youngest son the evil of a boiler having no 
safety-valve. 

I have seen a Cornish boiler with its flue badly collapsed, from 
the water having got low and the plates hot, and yet not a crack 
in the Low-Moor plates, though they were crumpled like leather. 
It must be borne in mind that the old very low-pressure boilers 
had their troubles also, and although they would often work the 
engine well enough with the manhole lid off, of course at atmo- 
spherio pressure, they were liable to collapse altogether if the 
pressure were allowed to run down, and they wore not provided 
with vacuum %Tdves ; some have actually collapsed whilst working 
engines that were very lightly loaded. A common tin cannister, 
with a table-spoonful of water in it, made to boil well and expel 
the air, and then thrown into a cold hath, will utterly collapse in 
an instant. 

I trust I may here bo allowed to express an opinion, that a 
boiler should always be provided with at least two ways of show- 
ing the level of the water in it. I prefer three ways, viz., glass 
gauge, three gauge cocks, and a float stone ; it should have a pres- 
sure-gauge, two safety-valves of good size, a Tacuum-A’'alve, to 
prevent its filling itself with water through the check-valve and 
pump-valves when the steam is let down. Two blow-off cocks, f.e., 
one below, to blow out heavy dirt, and the other a scum-cock, to 
blow off light dirt that floats ; a copper feed-pipe, some feet in 
length, placed horizontally a little above the top of the flue, but 
below the water-line, and with soimo slits in it, with the metal 
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Lent inwards, so as to deflect water out from 

tlie feed, if cold, does not cool and contract indni p ^ ^ 

lines of plates. Very many Loflers liave been 

eold Ibcd Leins; suppHed at tlie bottom, so that the bottom . 

iK'cn cold when there was 20 lbs. of steam at flie top, but this s 

oeciin-od principally when getting up steam Irom 

order to obviate tins, every boiler, if alongside ot ^ 

iKivo a small stoam-pipe leading from tbo top of one to the bottom 

of the other, and vice versa, so that if steam 

the other cold boiler was to bo heated, it should bo heated fio i^ 

the bottom, by steam blown dow into it from the ot ei 

this often saves repairs. Every boiler should have its own s 

valve, independently of the engine, a damper, and the means o 

adjusting the <inantity of air admitted over the fire, and in Cornish 

boilers tboro should be several 6allo\vay tubes ; the fiis s n . . 

not be too near the bridge, but, say, 3 foot from tbo end of tlio 

bars, to prevent any cliaiice of its burning. Every set of boilers 

should have an injector. . ' „ „ 

A simple means of stopping a considerable proportion of the 
water tliat may exist in steam as priming, which iiidood w'ouid 
always take some water out of the steam, (as it is present in small 
quantities in all natural steam that has not hecn superheated,) 
consists of a scries of inclined gridirons made of wires to lutorcopt 
the particles of water as the steam rushes past. Some experi- 
ments, conducted by tbe late Sir William Siomons and myselt, 
proved that the first iiierease in tomperatiiro of isolated steam 
ciansed a miieli grt^aler expansion tluin the naiuo increase m mm- 
peraturo above the first : in fact, that the ^ line of expansion 
of isolated steam by inoreaso of temperature is a^ curve to begin 
witli, and that it tliuu runs practically straight, just as the line 
represetitiug the ex]>ausion of eoniiuon air and most gases does. It 
is, 1 tliiiilc, now ]irctty well lu-oved that all vapours or gases expanc 
quicker just above their liquid points, and no doubt from their 
still containing minuto particles of the liquid. 

A very goud form c»f fcod-water li cater lias l>ceii designed bj 
Mr, h^trong to eliminate impurities. The water, admitted at tbo 
bottom of tlio eyliialrical vessel, is first boated by tbe exbanst 
steam from a ligli-iiressnro engine, wbicb circnlatcs tbroiigb tbe 
vertical xnpes projecting upwards into tiie vessel. Above is a 
coil of |>ipo supplied witli live steam direct Irom tbe boilei, by 
wbicb means tbe w’ater is still fxirtber beated. Finally, tbo water 
paases throngb a filter at tbo top of tbo vessel, wbicb abstracts 
{mu it all solid and insoluble matter, siutb as carbonate of lime 
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and siilpliato of lime, wliicli are held in solution in cold or warm 
water, but are deposited in a solid form at 250^ to 290^.^ 

A small quantity of astringent matter (such as AruoJ' s com- 
position) put into the boiler prevent»s the carbonate of liino froui 
crystallizing and forming hard scale, as it is precipitated in 
an (iniorphoiis condition (well known to chemists), and can be 
wasbi'd out of the Ijoiler as mud. Many other forms of feed- 
water lieaters have been made and used, such as Green’s, which is 
] )laeed in the iluc and lias scrai:)ers outside the pipes to scrape off soot. 

Several inechanical stokers are in use now, and answer their 
])iirposo very well, thus enabling very small coal to be used in 
London, at very little more than half the cost of largo coal, and 
they keep the steam very regular. A model of one by Messrs. 
Yiears will bo tbuiid in the library. 

Boilers should bo proved at 210'^ with water to twice tlieir 
working pressure ; and at such pressure the strain on ilie metal 
sliould bo well within the elastic limit. 

It may perhaps bo interesting to refer to six-weeks trials of a 
conq)ound or sectional I joiler, made in pieces for carriage GOO miles 
up country, and of such construction as to avoid the use of a 
brickwork setting. The construction, is, in fact, that of a Cornish 
boiler iii. Uvo vsections, one containing the furnace, and the other a 
Hue and Galloway tubes, with the addition of a third section con- 
taining a sot of locomotive tubes. TIio results of the experimonts 
arc given in Fig. 1, and my son lias set out the several curves 
which give the different results ; perhaps the most interesting one is 
that which proves tiiat, wdiether the boiler was evaporating 500 lbs. 
of water per hour, or 1,300 lbs., the economy was nearly the same ; 
in fact, unless the boiler was very much over-driven, or was worked 
far too slowly, it steamed w'cll. 

The figures on the base line sliow the total quantity of water 
evaporated jicr hour in cubic feet from GO®. The figures below 
the lino show the pounds of water. 

The line A A shows the economy, or water evaporated per lb. of 
coal. 

The dotted lino B B shows the same, but with a larger grate. 

The dotted line 0 C the same, with a smaller grate. 

The three top lines of figures show the pounds of coal burnt 
per hour j)er square foot of grate, in the sevexul exporiniciits. 

The line I) D shows the temperature in the chimney, which 
was always low, viz., a little above or below 400A 


^ Institution of Moclianical Engineers, Proceedings, 1881. 
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The line a a shows the actual consTimption of coal per horn* ; the 
dotted line h h shows the same with a larger grate ; and the dotted 
line ce shows the same with a smaller grate. 

The line EE shows the square feet of heating surface per 
ciihic foot of water eyaporated per hour. 

I helieve it to he useful to carry out a few such experiments 
occasionally, as at all events, if our ideas are right, the experi- 
ments confirm them, and if wrong, we are set right. In this case 
it was wished to have boilers that -would work very steadily at 
80 lbs., and therefore a form giving a good largo “ pond” of w'ater 
was selected; the whole was enclosed in a light corrugated iron 
case, filled with ashes from the boilers themsedves. There were 
good circulation pipes between the sections, both above and below, 
as well as a steam-dome on the middle section, and steam-pipes 
from the end sections to it 

A number of these l)oilers were made to suit the special cir- 
cumstances just named, but commonly wlicre a large amount of 
steam is wanted it is best to put down large “double-fined 
Cornisli,” or “Lancashire boilers,” with Galloway tubes and a 
brick setting, if there is room for it. 

CONDEXSATTOX. 

The subject of the condensation of the steam for producing a 
vacuum is so important a one, that a few words must be said in 
reference h.> the different modes of aecomplisliing it. 

We have seen that Newcomen at first applied cold water outside 
his steam cylinder, to condense the steam within it ; then he used 
an injection of cold water into the cylinder, which was of course 
slightly hotter. 

Then Watt used a separate condenser, and cooled it by water 
applied outside it, and afterwards used injection of cold water into 
the condenser, thereby producing a good vacuum very quickly 
without cooling bis cylinder. 

Now, it is on the amount of cold water, or surface exposed, that 
the rate of condensation depends, and I know of a case where 
two revolutions a miiuite more, were obtained by simply putting a 
plate into the condenser for the w^ater to splash against. 

As injection pipes are sometimes arranged with viilvcs or cocks 
a distance from the condenser, the pressure, and CGnsequent 
velocity of the water, is to a great extent .destroyed, so that as it 
issues from the rose, or perforated pipe used in the condenser, it 
drops in largo drops or streams to the bottom of the condenser. 
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Now, if tlic injectioii -valve is placed In tlie condensei’, so tliai 
the frill pressure of the -Nvator shall be exerted at the small opening 
of tlio valve, the water will issue in a powerful stream, and 
ilash itself against the sides of the condenser, so as to be brolcen 
up into veiy fine spray ; this gives a quicker vacuum and a better 
vaciium-liiio, in the indicator figure, whilst tlio condoiisement 
eomos away iiioro nearly at tho temperature corresponding to tho 
pressure, owing to less injection water having been used, and, 
as a ncrfcssary couKsequence, rather less air introduced. 

iV convenient form and position for an injection-valve is that of 
an adjustable conical valve, standing up an inch or two in tho 
bottom of a coudeiisor, as the conical jet of water strikes with 
great force against the skies and top of the condenser, thus 
making tho whole into fine spi'ay. 

Watt also proposed a very perfect form of surface- condenser, 
and one that is now’ very largely used ; it is not shown in any 
of his patents, Imt there is a good model of it at the South 
Kensington J^Iuscuin, -which has not until lately been taken much 
notice of; tho diagram on the wall shows it very well. There 
are a large number, viz., one hundred and thirty-nine small vertical 
tubes, wdth the cold water in them, and if they were taken as repre- 
senting fj-inch diameter they would be 5 feet long, which is a very 
fair pr<.q)(.)rtioii, they are soldered iuto the tube-plates at top and 
]>ottom, and the steam is admitted to the outsides of the tubes 
enclosed in the condenser. 

Tho quantity of water required for such a condenser is nearly 
tho same as for a jet condenser, viz., twmnty-five to twenty-eight 
times as much as tlie water in the steam to be condensed. 

It is a fact \vorthy of note that when any quantity of air is 
present wdth the steam in a surface-condenser, the steam as it is 
condensed leaves the air in close contact with the cold surface of 
the condenser, and thus hinders its quick action in condensing 
more steam. Thus the reason that a quick vacuum is attained, 
w’lieii a good vacuum is being produced, is that there is but little 
air present to hinder tho condensation* 

Tho surface of metal kept cool by the cold water is always 
partially covered wutli minute bubbles of air that are separated 
from tlio cold water by the heat of the metal exposed to tlio 
steam to be condensed ; tliese bubbles increase in size until they 
come i>lf the metal. 

j\b.)dern surface couilenscrs frequently have tho tubes secured 
in stuiling-boxes as proposed by S. Hall in 1831. 

Another form of condenser is the surface evaporative con- 
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laiaw tliat tliore is nearly six times as mudi licf^t i - J 

.vouLl bring as mnch^ator np “Is"™ of tubes, 

tiou is, that a largo surface, tiz., about o6 , 

being exposed in tlio open air with tiio ^tcam insido to 
iiist kept ■wet with water trickling over tlicir ’ 
keoK and the atmospheric air passing over and amongst lo m e. 
J rnks or can-ies alav such tater in the foim of steam or damp 
; :1 to tol- 1-g at about 120= or 130= tocmatui^ o uto 
. good vmmum to be^lccpt^in ^0^ 



^'"Ih'irface ovaiiorativo condensers have ibr long been used in coii- 

uiii. „g» V, (tta “j”}’ “■ 

the outside, and liGcomiiig Btreugthoned bj t u. 1 

"" oTlah’ yi2; ,1 few.sm.h condensers have been put up by myself 
aud etla-rs! au.l I have also put up cheap 

4-ineh i lines, aud wrought-iron condensers with -.i-mth tu , , , _ 

_■ veik well, and” enable an ouginc of the --t — ^ 
construction to bo put up wherever ihere. is a thud ..s m - 
to be hud as would do for a coinmou high-pivssuro 

Another form of the same hind of coudenser has Uen iiitu 

ducod by lilr. 11. Coehrane, and consists ..I ’“fk^t aud 

pipes, one put within the other, water being applied to holh, aud 

the Hteaiii l>c.uig ]H.itwceii theiu. with 

I'he UBo of surface-eondcnsers to supply boilers entiiclj wit 
di.stillcd fresh water c.-rcaicd an nnlouked-lor evil, ' 

from using the same water over and over again any ^ ‘ 

grease that went into the eyliuders got gradually “'rvortci 
acid grease, from the water taking aivay the g \ceiiuo, ' 
acid grouse attacked the boilers badly. This delayed the ailoptio 
of suVruce-condensers for a time, but by working the hoilem witli 
salt water, or with fresh water containing the usual amount ol 
lime and magnesia, &c., this evil was cured, as the lime 
with the greases, and the whole contents _oi the hn ci we e 
.-radually changed hy moderate hlowiug-ofl. It a hoilei vt^e 
UBCid eontiimonsly with the same distilled water, no oi oi gieaso 
could ho put to the piston or piston-rod. „ n 

Morton’s eiector-coiidonsor is worked with a good supp y o o i 
water, and ejects the air and water from the condenser into the 
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open air, and eoudcjiiscs tlie steam at tiie same time, tlins retpiirin^- 
no air-pninp. ^ 

It -will liavc Lecii seen tliat from tlie time of the first practical 
stoam-cngiiio tliere were two very different scIiooIb of engineers 
at work, the one from aLsoliite necessity using liigli-pressuro steam 
for loconiotives (and ke it observed, gradually increasing tliat 
pressure up to tlie Trevitliick pressure of loO lbs. in loconiotives), 
and the other school working at first entirely with low-prcssiirt^ 
steam, and getting the power by means of a vacuum olitaliied 
by condensation. In fact they may be said to have been separated 
by the Atmospheric lino. 

Ko doubt the use of low-pressure in condensing engines, both on 
land and afloat, was continued longer than it otherwise would have 
been, because from the great success of Boulton and lYai.t, it was 
thought that the wagon boiler was the right form for a boiler, 
(though it would not carry any preBStire), and becauso it was con- 
sidered extremely dangerous to use high-pressure on board shi]>. 

Meanwhile high-pressure steam was being used advantageously, 
and octOTLomically in small land-engines, where there was no good 
supply of cold water, and in Cornish pumping-engines in wdiich 
expansion and condensation -were also xisod, resulting in groat 
economy. 

I should not bo doing justice to the genius of Watt if I did not 
bricily mention a statomeut of his, in which lie claims couling an 
isolated body of steam without condensing it; he omiis, however, 
any statement as to the high degree to wdiich it wmuld have to bo 
heated first to ]n'eYoiit condensation. Of course this is the crude 
idea of a caloric engine, but Watt never carried it into practice. 
A good steam-engine, however, may be allowed to olitaiii extra 
power by the expansion of isolated steam by heat, so far as it can 
bo done practically by steam-jacketing. 

Noxv, the steam-engine has practical limits of economy, at all 
events in our present state of knowledge, and I will not hero 
attemxit to speculate beyond. 

Firstly, the boiler has its limits of economy, as it is not a 
perfect power-producer, as explained by Mr. Anderson; that is to 
say,rvo can, with the best boiler, only evaporate a certain quantity 
of wmter ; and a knowdedge of the theoretical amount of carbon 
and the consequent theoretical amount of heat, does not, unfor- 
timately, teach us how to make the best boiler, as tliat is in fact 
only arrived at by experiment and practice, there being so very 
many cirtuimstaiices to bo taken into account. 

Secondty, the power xvo can get out of natural steam has very 
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<leeiclecl limits also, and now we must refer to the practical know- 
ledge of the expansion-curve produced hy expanding steam. 

The curve on the black board is drawn on the figures given by 
Panibour, derived from experiments by the French Academy, and 
lias since been very closely confirmed by the experiments of Sir 
William, Fairbairn. (Fig. 2.) 

iSTow, as to the limits : first, with regard to the bottom of the 
figure, we cannot afford to keep a condenser cold with ice, and to 
obtain rapidity of action in condensation, we must have our 
cooling medium below the temperature of the condensed steam, 
as is well known to all steam-engine engineers (and as referred to 
by Professor Eeynolds). 

Now, supposing it is not worth while to go below 100^ 
Fahrei,ilieit (and it is not, unless the condensing water is very 
cold) we at once have 1 Ih. pressure in the condenser, and if we 
allow three-quarters of a pound only for air in the condenser, 
brought over with the steam from the boiler, we have Ij lb. 
pressure in the condenser at once, and an engine must be very air- 
tiglit, and have a very good air-pump, to keej) the pressure in the 
cylinder down to 2 lbs. I therefore at once draw a limit at the 
2-lb. lino, and adopt that as tlie practical bottom limit, which is 
seldom exceeded. 

I now come to the limit at the top of the figure, and herd know 
I am treading on what many consider debateablo ground, but I 
trust you will excuse me if I appear to do so with too much con- 
fidence, but having been used to high-pressure as long as I can 
remember, I have not the least fear about the use of high 
steam ; tliongh 1 am not one to blindly adopt any one pressui*e, 
eitlier luw or high, without considering all the circumstances 
involved, including the holler, that most im])ortant part of a steam- 
engine, and one that often gives more trouble than any other part 
(just as in the himiaii body, the stomach often i*oquircs more 
atteiition tlnin the limbs). 

The boiler generally needs repairs, and wears out first, in any 
case, and it is therefore false economy, to unnecessarily wear out a 
boiler in an unreasonably short time, or to make it necessary to apply 
the material of which it is composed in a disadvantageous manner. 

Taking tlmreforo all points into consideration, such as very 
thick plates fur llltiers to stand very liigh pressures (which 
plates do iK>t ecmdiice to good riveting), I venture to state my own 
opinion, that at the present time, loO lbs. or a little more, is 
enough for locomotives, and 80 Dm. for land and marine engines, 
I do not mean to say, but that with iniprovod meaiiB of applying 
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liydraiilic rivotiiig-inacMnes to oroiy rivet in a boiler, and some 
alteration in design, these limits will not be passed. 

We now have an area bounded by the back lino (representing 
the cylinder bottom from which we start), the top and Ixittoui 
lines, and the true expansion-curve, and the problem of inaking an 
economical engine is, to obtain as much of this area as %ve can 
without sacrificing uniformity’' of motion in the engine, or working 
a |)iston at a pressure so little in excess of that required to over- 
come friction, as to really develop no useful power, and without 
requiring an exorbitant amount of cold water for cuixdensing 
purposes. Having assumed our top line, we have the limits within 
which we must practically work. 

If the means we take to obtain as much of this area as possible 
also give us, ill some part of the j)i'ocess, something beyond the 
natural expansion curve, by slight suxierheatiiig, wo are so far 
the gainers. 

This area in licight represents lbs., and in length it represonts 
the feet that the pishm moves ; therefore the area of any indi- 
cator figure re]>resents the Ibs.-feet, or comparative IHh obtained 
by such use of steam. 

Now, in order to appreciate the advantages and disadvantages 
of the various modes in which steam has heen worked, I liogyour 
attention to a few indicator figures, taken from numerous examples 
in iny possession. As indicator figures, drawn to different liori- 
zontal scales, cannot bo conveniently compared, I have drawn 
them all to the same scale as the true expansion curve, so that 
they may be compared with it and with each other. First I will 
take such a figure as a Newcomen pumping-engine must have 
produced if an indicator had heen applied to it (Fig. 3). There 
must have been a bad vacuum, owing to the cylinder being 
warm, and the pressure of steam must have heen a very little, 
if at all, above the atmosphere, and there being no idea of ex- 
pansion, we have the boundaries of the figure, but not the limit 
of the steam used, because a good deal was condensed in heating 
nil the cylinder, after the latter had been cooled by the injec- 
tion water thrown into it ; we must therefore add a considerable 
area to represent such condensed steam. It is, therefore, of course 
highly uneconomical, as much more than a cylinderful of steam 
is used to xiroduce a stroke. 

The first improvement upon this was James Watt’s single- 
acting open-topped-cylinder pumping-engine, with the cylinder 
steam-jacketed, so that there was no loss of steam from conden- 
sation in the (ylindor, the condensation being curried out in a 
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separate condenser, somewhat removed from the cylinder; the 
cunHeqiicnco was, that only about one-third as much steam was 
uscmI toMo the same work (Fig* 4). At a later period, as we have 
seen, James Watt made a further improvement by adopting 
(‘xpansion, as shown in Fig. 5. 

next, Fig, G, is an entirely different one, and there being 
no ci>ndcrisation at all, the whole of it is above the atmospheric 
Vniii ; this represents Trevithick’s cylinder, with his high-pressure 
steam; by means of the true expansion-curve we can at onco 
compare them. 

At the present day it is wonderful to us, tliat Watt did not 
adcjpt high pressure and expand the steam and then condense it, 
since ho understood expansion; but this ho left for Trevithick 
to accomplish, and, later on, Woolf. 

It would liave been a grand thing for the scientiRe and prac- 
tical application of the steam-eJigino if AVatt and Trevithick could 
liave joined liands, and worked harmoniously together, in place of 
remaining in antagonism. 

It ■would Iso amusing, if it were not really sad, to think tliat 
AA'att actually put a covenant in the lease of his house, Heath- 
field Hail, now occupied by Mr. George Tangyo, that no steam- 
carriage should on any pretence he allowed to approach the 
house; but Buch Avas the fact, and ho dis<‘ouraged Murdock, so 
as to prevent his being practically the fatlKu* of steam-locomotion 
in tluB country, and left it to Trovitliitdc to take that proud 
position*., „ ■■■■*■■ ■ . 

Fig. 7 is a higTi-]iressure Rgure. Aviih (expansion, and it will at 
oiu'c be se{3ii that it would bo impossible to expand further Avith, out 
the pressure running down beloAvtho atmosphere, and thus making 
a]5ariial vaennuu against the engine, d’he area contained AAithin 
the figure is clearly much larger than if the same Bteain Avere used 
witin.mt ex]>aiision, as the area Avould be limited to the point of 

Fig* 8 is a figure Avith high-pressure steam, and there being a 
neaidy perfect Auieuum below the piston, the ^expansion may be 
imt as far as desired, and accordingly aa’c have an area 
three mul a Im'lf tmes m great as could bo got AAuth high-pressure 
st 4 ?ani A?ithout expansion. There Avoiild be one fault, however, 
amongst others, in the use of this figure, vise., the very great dif- 
ference of pressure at the beginning and end of the stroke ; the 
cure for this will be seen in other figures. 

Fig. 9 is a bad one, from a winding-engine at a colliery. You 
will obsenm that not only is the steam not used to the best 


COWmU ON THE STEAM-ENGINE. 


95 


ad van Logo, but tliore is a loop foi’ined wlaicli represents tlie retard- 
ing force tlno to the valve not being properly geared ; Inif^ if; should 
he noted that this figure v'as taken wlion tlio *‘skip ” was* going 
do-wii, and tlicrcdoro tlK3 engine running light. 

Fig. 10 is taken from a high-pressure engine at a papor-inlll ; 
the eduction steanx was being delivered to the stcani drying- 
codiialor of tlio papor-niaking machine, and hence the extreme 
])a,(.‘k-pressure shown ; bait the passages of the cylinder must havt^ 
]u.‘oii too small, or the throttle-valve have heen partly closed, as 
the steam has been wirc-dra^vn whilst the piston was at full speed, 
in tlie middle of tlio stroke, and then, when the' piston was going 
slower towards the end of the stroke, the flow of steam lias over- 
taken tlie piston and tilled up the cylinder with steam of full 
jxressrire, ^vitlioiit doing any -work. 

I’his is only one of the cases, out of a very large number whcTi' 
steam is rcr[nired ; foi* boiling liquids, for a steam brewery, for 
beating Imildings, &c., &c., in which the power, if also required, 
may ho obtained at next to nothing in point of cost by rising 
the steam tirst in a higli-prcssuro engine, and afterwards ior 
jieati ng. 

Fig. 11 is a high-pressure expansion figure fj’om a conqiound 
engine with steam-jacketed reservoir, with, the lining already 
^ <k*scribod inside it. You will olxservo that the expansion-curve 
follows the true expansion-curve very well at the beginning, 
and is rather above it towards tlie end of the expansion, due to 
the steam-jacketing of the cylinder covers and sides. 

Fig. 12 is the corresponding tiguro from the low-pressure cylin- 
der of the same engine, which receives its steam from the re- 
servoir; this runs considerably above the true exparision-curve 
due to steam-jacketing. The vacuum hero appears low, hut the 
engine is between ofiOO and 4,000 feet above the soa-lcvel, whicli 
accounts for several inches of vacuum. 

Fig. If) shows a great fault in the engine, as the steam has 
been leaking in, to a large extent, the whole time, so that even 
after the steam oiiglit to have been thoroughly cut off, it has con- 
tinned to fi<.)W in, and the lino has run away fax' above the txaie 
expansion curve. 

Fig. 14 sliou’s a good high-pressure engine working very ex- 
pansively ; the curve Ibl Ioavs the true expansion curve for some 
time after the cut-off, and until the temperature of the steam is 
hnver tlian tlio Bteam-jacket, when the line rims somewliat above 
the true euive. 

Fig. 15 from ILM. steamship ‘‘Briton,’^ with compound eiigmes 
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ami stoam-jacketed reservoir, wtli a lining inside ; tko covers of 
the cyHnders are steam-jacketed, as Wl as^ the sides. 
engines gave a very economical result, viz., 1 • o lb. of coal pei Hi . 
,or tal tli sHp B«»g » M-toot 

Tiioasnred mile at 13^ knots, the consumption vas 1 JS ib. 

votil per nr. per }ionr. ^ . 

Fig. 16 shows indicator figures by Mr. Kirk, from a compound 
engine having three cylinders, or triple expansion ; with Uo lbs 
steam, the consumption, on a four hours’ trial, has been as low as 


1- 28 lb. per HP. per hour, or ^oz. under the consumption of the 
Briton.' 


Fig. 17 is taken from a pair of pumping-ongiiies on the com- 
pound principle, with a reservoir and fly-wheel, at tho Lambeth 
Waterworks, working of course slower than the above, ivith a 

result of 1-0 lb. of coal per IIP. per hour. 

The indicator-figure best suited for steady pumping is one 
having rather more power than tho load at tho commencoment o' 
the stroke, and rather less than tho load at the end of the stroke ; 
both cylinders of tho compound engine can be arranged to gno 
this as tho e.vpan8ion in each cylinder is moderate. 

Fig. 18 is from a Woolf beam-engino, with largo and small 

cylinders, at tho Lambeth AYatorworks. ,,, , i , 

^Fig. 19 shows a pair of figures from one of 3Ir. AAobbs com- 
nound locomotives, nuining at .50 miles per hour. 

A littlo experiment, which I made many years ago, gavo a very 
mlT>ablo domoustralion of tho action of tho steam in a cylinder 
which is not iacketed. A glass tube, closed at tho outer end, was 
fixed to a cylinder, so us to form part of it. At tho commencemcmt 
of each strako tho incoming steam eoudonsed upon the interior 
surface of tho glass tube, formhig a dew or film of moisture, visible 
from the outside, which remained throughout the first part of the 
stroke; during tho latter part of tlie stroke, when the steam had 
been cut oil' and was expanding, and consequently falling m tem- 
perature, the dew disappeared hy re-ovaimratiou. m glass was 
thm lieuted from tlic outside by means ot a BlioveHnl ot not coals, 
and as long as tho external heat was maintained no condensation 

took place. • i , 

Thus tlie walls of an nnjacketed cylinder, being at an iiiter- 

niediate temperature between that of tbe incoining^ steam and tliat 
of tbe exbaust, condense a portion of tbo steam whilst the latter is 
at its foil pressure, sacrificing tho power which should have been 
given by the steam so condensed ; and when the re-evaporation 
from the surface takes place, through the natural reduction of 
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temperature of tlio expanding steam helow that of the walls, the 
piston is a]>proaching the end of its stroke. 

In the ca,sc of a jacketed cylinder, not only is radiation from the 
enter snrfacc of the walls prevented, hut heat is continually sup- 
plied, at the Ml steam temperature, to the outer snrface, to ho 
convoyed hy conduction throiigh the metal to the inner surface. 
Tlio walls thus heated from the outside can cause no condensation 
of the incoming steam; and whilst the steam is expanding its 
pTt‘SSure is kept up somewhat above the natural curve hy the 
slight superdieating and drying action of the hot walls. 

Fig, 20 shows a pair of figures from a Woolf beam rotative 
}mmj)ing“engine at the Lambeth Waterworks, during a trial con- 
ducted hy ]\Ir. John Taylor, M. Inst. G.E, ; the cylinders were 
steain-jacketed, and the steam main thoroughly drained. 

Fig. 21 shows a pair of figures from the same engines, on anotlier 
trial, when the jackets were shut off, and the steam main not 
thoroughly drained. The I.HI\ shown in the two cases is almost 
identical, and the initial pressure of steam nearly the saiuo ; hut 
the great loss, arising chiefly from the want of steam jackets, is 
shown by the smaller rate of expansion in the second case, auz,, 
9*3, as compared with 15*76 times. 

In a very able Paper, printed in a recent volume of the IMinutes 
of this Institution, Mr. J. G-. IVIair, M. Inst, C.E., has published a 
series of tables, containing the result of elaborate and careful 
calculations from the data obtained from ten different engine-trials, 
including the two eases under consideration, and comparing the 
performance of the several engines in thermal units per I.IIP. per 
hour ; he calculates the consumption of coal represented in the two 
cases to he 1*76 lb. with the jackets, and 2*66 Ite. without. Ho 
has also kindly furnished me with some figures showing a com- 
pariBon of the measurements of water from jacket drains in several 
trials, from which it appears that the greater the cpiantity of 
steam used in the jackets the less is the total quantity of steam 
and coal used to produce a given efiect. 

This is a distinct proof that steam-jackets are of great use; 
indeed, if the cylinder is not kept up to the temperature of the 
steam that enters it, a largo quantity is immediately condensed, 
a,nd its useful effect utterly lost. 

l^Ir. Pennie, M. Inst. C.E., informs me that the result in con- 
siim]>tioii of coal, in trials extending over two periods of four 
weeks each, with and without steam in the jackets, of a 40 -HP. 
stationary engine, amounted to SI, per cent, in favour of jackets. 
Fig. 22 is an indicator figure taken from an air-pump. 

[the IXST. C.E. LECT. VOL. H.] 
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2o from a condenser; tlao stroke being taken from tliG 

]‘)istOTU 

Figs! 24 and 25 skow tke rotative power of two cylinders 
liaving tlieir cranks at rigkt angles, the dotted lino showing tlieir 
pewer when full steam is used, and tlie lull lines the power wdien 
cutting olf the steam at about half stroke, as in Fig. 25, and it vdll 
at once he seen that the hollow curves due to the expansion tit 
remarkably well to the rounded curves due to full steam ; so that 
the sum of the two results in an almost uniform rotative po-wer 
being applied to the shaft. Precisely this eflect is obtained from 
a compound engine having the cylinders and reservoir properly 
proportioned, and this whilst expanding some eight or nine times. 

It is of course impossible in a single lecture like the present to 
go into a groat variety of details of con struct icui, although many 
oi‘ them ailect the economy, as well as the efdeient working of an 
engine, such as the thorough supply of steam to the jacket, and 
drainage t.)f water and air therefrom, the effurient protection of all 
parts of tlu '3 engine, steam-] apes, and boiler from radiation and 
eonduetiot.1 of heat, the superheating of the steam when it has to 
travel a coimiilerahle distance, the arrangement of ieed-watcu' 
heater, iho early opening of the eduction port to obtain a good 
exhaust, shallow piston packing with light pressure on it, largo 
areas to bearings, ]>rovisiou for the ]>liis and minus pressure of tho 
piston, rod, beam, and connecting-rod due to momentum and 
inertia, 

About 1840 but few engines were burning as littio as 7 lbs. of 
c<nil per IIP. per hour, very many wore using much more, though 
a few Woolf engines wei'c dcAvn to about 4A lbs. ; Coruisli piimping 
enghiCB %vero decidedly below this. 

Within the last ten years the consumption has been reduced to 
and I j lbs. by im]>rovements in all directions, as well as by 
increased pressure of steam. 

With effective mechanical stokers small gijod coal can he used 
with groat advantage in London, hoing only half the price of good 
oc.>al, as it is sifted out from it. 

A I IP. may now he produced in London at an expense of half 
a farthing per Inmr, and with a consumption of %vater equal to only 
one-third m much as is required for a high-pressure engine, if 
only a surface' evaporative condenser be used. 

Before concluding, I wish to express my obligations to those 
firms (amongst many to whom I applied) who have kindly sent 
mcKlels or drawings for exhibition to-night ; many of them will be 
seen in the library. 
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I have tluiB, liowcvor feebly, attempted to present to you a 
coEsideratioii of the manner in which, by utilizing by degrees the 
vast wcaltli of stored-iip solar heat which we possess in our coal- 
fields, by sini]>ly varying tlio heat in w-ator and steam ami metallic 
bodies in a judicious inaiiner, we obtain all the blessings that flo'w 
from these obedient giants, that thus are led to do our bidding in 
every coiicoivablo manner. 

I liavc sometimes considered what vast effects might have taken 
place, from some of our modern improvements and inveutioiis, if 
tlicy had been hit upon a few hundred years earlier; thus, if 
sttvimships had existed in early times, America would, no doubt, 
have been discovered many many years sooner than it was; if 
Oa\sar had been possessed of a steam-navy, no doubt we should 
now all have been Eomans. But tlie great and exceptionable 
good that steam-navigation has done for this country is incal- 
culable in giving us the power of <iuiclc and cheap communication 
witbi every country on tlie surface of the earth, whilst we preserve 
intact our admiralty safe position as an island, surrounded by a 
good sea ; and when we consider the enormous amount of good 
tliat steam accomplishes in this country in our manufactures, and 
in giving us quick and cheap communication on land, it really 
almost seeius as thoiigli the power of steam wore an especial 
Idessing, bestowed upon this nation by the Giver of all good things, 
and that tlius fire and water, heat and cold, do really bless the Lord* 

Sir Joseph Bazaloette, President, said they had listened to a 
very interesting and a very instructive lecture. They were ail more 
or less familiar with the steam-engine, which did so much useful 
wmrk in every department of life ; but Mr. Cowper Iiad followed 
its history from its first inception down to the present day. It 
was veiy remarkable to find tha€ the first idea of the steam-engine 
should have been conceived before the Christian era; that it 
should have I’ernained dormant so many centuries, and that its 
developmeiit to its present importance should have been left to 
the last hundred years. They had only to look at the diagrams 
to see how much time and care had been devoted hy Mr. Cowper 
in working up the Bul)ject for the benefit of the memhers. He 
•was <piite sure not only that the lecture had been interesting to 
those who had heard it, but that it would prove of great interest 
to the whole body of the Institution for many years to come ; he 
was also sure that the members would very readily accord to 
Mr. Cowper their best thanks, to which ho was most thoroughly 
entitled. 
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There was also another vote of thanks, which he begged to pro- 
pose, namely, to those gentlemen who had assisted Mr. Cowper 
and supplied the very valnable models exhibited in the Library, 
which they had kindly permitted to remain a few days longer for 
the inspection of the members. 

Mr. E. A. Cowper said he was exceedingly obliged for the manner 
in %vhich the members had listened to his lecture, and for the vote 
of thanks they had passed. It had been to him a lahonr of love, 
and it had certainly occupied him some time, but if it bad been of 
the least nse to the Institution in bringing the subject of the 
stcain-engino more clearly before the momhers, he was thomughly 
rewarded. 
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21 JPebruaiy, 1884. 

Sir J. W. BAZALGETTE, C.B., President, 
in the Chair. 

“ G-as- and Oaloric-Engines/’ ^ 

By Professor Fleebiing Jenkin, LL.D., F.E.SS. L. & E., M, Inst. 0.E. ' 

Mk. Peesideht and G-entlemeh— Allow me at tiie outset to express 
my deep sense of tlio magnitnde of tlie task wHck is before me. 
It is impossible in a leottire of an bour and a lialf to treat tiie 
wbole of tliis vast subject, and I must at once set aside all ques- 
tions of mecbanical detail. Nor sball I bavo much to say upon 
tbo subject of tbe bistory of caloric-engines. Tbe point to wbich 
I wish to direct yotir attention cbiefly to-nigbt is the qtiestion 
of efficiency. But this word efficiency may be used legitimately 
in many senses. Before entering on tbe proper subject of my 
lecture, I will ask yon to bear with me a few minutes while I 
make, or endeavour to make, clear what I mean by ibis word in 
each different sense. First, we may have what I %vi].i term the 
al;)Solute efficiency ; that is to say, tbe ratio between the indicated 
horse-power, I.HF., and tbe total quantity of beat, H, which is 
generated by tbo fuel per minute ; this I wEl denote by tbe 
LHP. 

letter E ; thus E = — Secondly, wo have in beat-engines 

what I will term tbe ideal efficiency and designate by tbe symbol E,. 
This, as I have no doubt you have been told in previous lectures, 
is tbe ratio of tbe difference of tbe absolute temperatures 

between which a heat-engine works, to tbo higher tempera- 
ture We cannot possibly, in any engine, convert more than 
this fraction of tbe total heat into work done on tbe piston. 

Thus Ef = Is, Thirdly, I may compare E with E,-; this may 

be termed tbe relative efficiency, and be designated by tbo symbol 

■ ' , E ■ ■ ' ' 

E,.. Then wo have Fourthly, I may compare tbe work 

wbich a given engine might perform theoretically, according to an 

' In consequence of tlio death of Professor Fleeming Jenhin before this lecture 
•was fully corrected for press, his executor, Professor J. A. Ewing, kindly under- 
took its final revision, — S ec. Ixst. O.E* 
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indicator diagram calculated Ho Vcmotical 

T' 

'Thus - H . , 

1 TTD dpsiffuates tlie horse-power calculated as described. 

,via Ito ta*e ho»o-p«wor. tat. to«»- 

shall steer clear altogetlier to-niglit o ^ '»nil)lic Imt 

St t, a.. Tt. t». “xi aiS™ It 

•when it has giicu 1 .Inriipal efficiency and not of heat 

after that it is a question ot , indiated power and 

efficiency what the ratio may lie between the l p 

Ifflotaoy of Ito Xto 2 11>=’- t' 

.Wot. offioioncy - t t i. lit. 8 

ho™o-p.-» p« ^ 

H ,V IXX iLoX .«.».? of « r '“*■ • ?'3 

^ t e heat supplied is then cunvorted into mechanical 

Xct We start, then, in comparing the efficiency ot heat-ongincs 

SXta f-X. - ““ f “"TS *.«- 

first hot-air enmxc that appeared as a rnal tuti c^ca 
H! W Hoira to mo at least, is the engine which was 
^*'^prted b-v Sir Gcoro'c fayley, and described by bim in Kicliolson s 

"S JotnA" i« ftoi- A ver,- fA dtaription of tt. 

in the fonn which it ultimately assumed appears m the pate 

Ixis S3 SX'SI trrsx3“:li 

t “rs“ 3:»d‘' ss; to dS 

Mr! Sett’s own drawings in order better to show the relations 
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between tlie diflbrcnt j)arts of tlie engine. At A wo Lave a- fire 
burning under pressure, and fed from time to time tlirongli tlie 
iiopper B, wliicli is closed by means of a yalve E, so as to niaintaiu 
tlic pressure witlxiii tbo furnace when tlie receptacle Bis being 
fed witb cenils tliruugli the door T. The air recpiired h.)r com! ms- 
tion is delivered by tlie pump J, throngh the pipe H, and is divided, 
1)}' means of tlie valve G, into two parts, one part g<.>ing below 
tlie fire, the other going above it. The object of this distribritiou 
of air is to allow tlie engine-driver to promote combustion by 
sending more air under the fire and through the coals, or to cheek 
it by sending a larger proportion through the passage E into the 
spjtee over the fire, where it may simply receive tlie heat from the 
products of combustion ; if, however, the eombustiou of these is 
not comj}loto, that is to say, if carbonic oxide comes up from tlie 
lire, tills caibonic oxide will be, or may be, converted into carbonic 
acid on ineoting the fresh supply of air introduced by the passage E. 
In the cuigino shown, the governor acts directly on the distributing- 
valve G. From tlie lire tlie heated air passes under tlie piston M, 
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which, it drives in the same way as the piston of an ordinary 
steam-engiiio is driven. P is the inlet valve, and 0 the exhaust. 
There is an ingenious arrangement in the present form of the 
Buckett engine by which the valve P is cooledd The hot air, 
which, presses against the piston M, is supplied at a temperature 
of from 000'^ to 1400'^ Fahrenheit, and is thus very much hotter 
than [iny steam delivered in a steam-engine. The indicator 
diagram which this engine gives is shown by Fig. 2 (woodcut). 
It is very like the ordinary diagram of the steam-engine ; the 
|>ower which you obtain from the engine is equal to the dificrence 
l)ctween tlie power calculated from that diagram and the power 
Avliich. is required to compress the cold air and force it into the 
furnace. In the engine as actually made, I am informed that the 

^ The valve seats of are surrounded by an air-chamber, through 'whi<3h all 
the cold air pumped by J passes on its way to the valve G. This arrangemoiit 
is omitted in the drawing. 
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consumption is 1-8 lb. of gas-coke per indicated ho^e-power per 
iKHir, or 2-54 lbs. per brake liorse-power per hoar, the Hi. being 
calealated after dedaoting the work required to compress the am 
The absolute efficiency is therefore either 10 iier^cent. or r ^ 
per cent., as you compare the heat with the indicated or the 
brake horse-power. The actual consumption per IIP. is, according 
to these statements, not very different from that of a good steam- 
engine, but the ideal performance of an engine of this class is 
very much higher than that of any steam-engine. If we were to 
take the upper limit of temperature even as low as 900^ and the 
lower limit of temperature as that of the air supplied, namely, about 
100° Fabrenheit, we should find the ideal efficiency E; to be some- 
thing like 59 per cent., whereas the actual efficiency is only 10 per 
cenC or about one-sixth of the ideal. In other words, what I 

have called the relative efficiency ™ is very small ; and it is 

hard to say how in this form of engine^ we aire to get any im- 
provement. To my mind Mr. Buckett, in getting even so high 
an efficiency as this, has done extremely g(:)od work. The advan- 
tages aimed at in this engine are to avoid the loss of the heat 
which in a steam-engine passes a-svay by the chimney, and secondly 
to gain the theoretical advantage due to w^cukiug with a fluid of 
high temperature; but on closer examination it will be found 
that neither advantage is really obtained in actual practice. 
The cooling is wholly produced by expansion, and consequently 
the lioat is rejected at a temperature of between 500° and 600° 
Fahrenheit wlicn supplied at the temperature of 900°, or^at about 
900° Fahrenheit if it is supplied at a temperature of 1 ,400°. Thus, 
while on the one hand we might bo led to expect very great im- 
provement in the eflicicncy because of the very high temperature 
at which the liot air is supplied, %ve can easily see why we fail to 
realize this advantage, because simultaneously with the rise in the 
temperaturo of supply there is a rise in the temperatuio of re- 
jection. The efficiency of the heat-engine depends upon the magni- 
tude of the range through wdiich the heat falls, from an upper 
to a lower temperature, and it is useless to increase the higher 
temperature unless avo are able to keep the lower temperaturo 
down. Kow sinee the cooling is effected l)y expansion alone, 
we can only lovrer the temperature of rejection l^y increasing 
the ratio of expansion. In the engines made hy Mr. Buckett 
this ratio is two to one. The hot air is expanded to only twice 
its volume before being rejected. If the initial pressure instead 
of being 28 lbs. (^which is the pressure used by ilr. Buckett,. 
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as shown on tlio annexed diagram) were 100 lbs. per square 
inch, the initial temperature being 1000^ Fahrenheit, and if we 
used a huir-fold expansion, we should still have a final pressure 
above the atmosphere of about lbs*, and our final temperature 
would bo reduced to something lihe 370® Fahrenheit, which is 
higher than that at which steam is supplied. The ideal efficiency 
would then ];)e about 43 per cent. (Appendix II.). But in that 
case wo should have great difficulties to contend with. First 
of all air is a much more difficult fluid to deal with than steam. 
Tlie packing required to keep the cylinder air-tight, and all the 
parts of the pumps air-tight, is of a very different nature from 
that which is required in the case of steam, where the conden- 
sation of the steam greatly assists the i^acldng. There is the 
further disadvantage in raising the pressure that a large per- 
centage of the work %vould be employed in compressing tlie air 
for the furnace. Even in the case of the lower pressure actually 
used hy Mr. Buckett, a very large amount of work is required to 
effect this compression. Theoretically, even when compressing 
only to 28 Ihs., you would require to use nearly half the indicator 
diagram in compressing the air; actually, in practice, a little 
more than 50 per cent, is thus used. If you compressed up to 
100 lbs. ])cr s(]uaro inch, you \vould require theoretically to use 
doper cent, of the work indicated in effecting this conipreBsioii, 
and in practice a larger amount w^ould he required. "Where 
positive and negative -work (as I may term work done hy and 
against the engine) are performed alternately, and only the 
difference is useful, there is a sad tendency on the part of the 
positive work to diminish, and of the negative work to increase, 
so that the practical efficiency of an engine of this type is seldom 
found to conic very close to the theoretical efficiency. I therefore 
have not any very great hope that the internal combustion engine 
supplied by coal in this way will hecomo much more efficient 
tj^m it has already been made. There is room for improvement, 
4jut the engino has now been known since 1807, and although 
present example is certainly a very meritorious effort on the 
part of the makers, and one wdiich will usefully meet certain 
special requirements, I cannot expect that the hot-air engino in 
this form wilt greatly surpass the performances of the ordinary 
steam-engine. 

The internal combustion engine, however, is really the foro- 
ruoner of the gas-engine, which is the most important form of 
ctaloricv engine now before the public. 

There is one difference in the theory of the gas-engine and of 
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Tt is obvious by inspeotion that tbo negative work 1 :N L- done 
-lii ly 0 lingino is small relatively to tlie posi ive wori 
ir t B Ik or tbo useful work N C D E P, whereas in the hot-ai 
1 nriim the iicmtive work A B P II will often be actually larger 
tS the whole useful work BODE F. This disadvanhigo_ on 
the part of the Cayloy-Buckcdt engine affects its mocluinical 
efficiency rather than its theoretical efficiency as a heat-engine. 

Wo have two forms of gas-engines prominently hotoi o n.. 
There are many other meritorious makers, 
hardlv bo liable to contradiction when I say that ol the 
onginL which are found practically at work, the largest number 
arf made by Mossra. Otto and Crossley, and by Messrs. Ihomson 
and Stemo, according to Mr. Dugald Clerk’s plans. Ihese are 
the two engines, therefore, which I shall chiefly consider to- 
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miglit. I ssliall not oconpy mtiola time in description, because 
I belie VC tlio action of tliese engines is generally Iqiown to 
most members of the jjrofession. Fig. 4, Plate 2, shows a diagram 
of the working ]3arts of the Crossley engine. It consists of a 
cylinder A, which is surrounded by a water-jaclcet M, for the 
purpose of keeping it at a reasonable temperature — a temptura- 
turo in fact at which the oil on the surface can lubricate the 
pivston. Tliat I take to be the limit of the temperature at which the 
internal lining of the cylinder must be kept. The action of the 
<yiiginc is simply this: — The 2 ‘)iston L is first of all employed in 
sucking in a supply of air and gas at the atmospheric pressure. 
This part of the action corresponds to the line 11 F of the 
diagram, Fig. 3 ; then the same jjiston compresses that charge of 
atmosx)heric air and gas up to the maxiinum pressure before 
ignition, which may he 40 or 60 lbs. per square inch. Tliis 
action is indicated by the curve F ISh The charge in the 
chamber A is then fired, the piston never going liomc as it does in 
the steam-engine. Owing to the increase of tem})erature duo to % 
combustion, the pressure rises (as indicated by the lino N C, Fig. 3), 
and then the gas expands, driving the ])iston forwards during the 
working stroke of the engine. *!rhis part of the stroke is indicated 
by tlio curve 0 I). Then we have the return stroke of the piston, by 
wdiieii the contents of the cylinder are expelled. If wo assume 
that there is no back-pressure beyond that due to atmospheric 
pressure, this part of the action appears on the diagram as the 
lino E H; once only in four strokes (if I may call the back- 
ward and forward strokes two strokes) do we get a positive 
indicator diagram. This is a rough description of the action.^ 
Ifot the engine has many other peculiarities. One upon which 
the patentees and makers lay considerable stress is the power 
that it gives thesn of controlling the rate of eomhustion, so 
that they can modify the in<iicator diagram in the way which 
I am about to describe. A’ou perceive that the piston in coming 
to the far end of its stroke does not expel the products of 
cx)mbustion entirely ; there is a residual charge left in the 
cylinder. The new charge of air and gas is brouglit in behind 
this and presses forward not only the piston, hut also this 
residual charge ; the new charge is not necessarily a homo- 
geneous charge. Air alone may bo admitted at first, then a 
mixture of air and gas in any desired proportion, and finally a 
mixture richer in gas, so that it may bo more easily ignited. It 


^ Appendi.>c HI. 
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• that a very sensible stratification of this hind is pro- 

IS ^ th.t yo, m., tie «»«»» “t 

; VO a charge rich in gas near the entrance; near Ae piston 

S tee ...rely .!«. ““I’ll 

i„ «.d Ictrreo. ties. trr« pl»<»» J“ “'5' *’ 

^ir’ and -as and residual products in any proportion. Now 
* •; i^i donSv -ives ns the means of controlling the kind of 

pi». i. tii. It <»« ‘t*”™ 

sik 

stratiucawou i. a i en-ine a means ot con- 

this residual charge which is left _ » Tiicrhlv nrobablo 

trolling the richness of the mirtnro, and rt 

that the last portion of the gas and air which entcib tiio 
!5Llt will ho rich in gas and easily ignited, whereas that 
portion of the gas and air which has been previously introduced 

Idll to some extent mix with the residual products; this diluted 
mixture will ignite after it has been heated by the explosion of , 
first portion ■ so that whether mixed or not we are pretty certain 
to have complete combustion, and this complete combustion does 
1 believe take place verj- satisfactorily in the Otto and Cross .y 
en-ine. I do not think that for the oxcelleneo of its behaviour it 

dojemis wholly or oven mainly upon the rich 

fleation as so many distinct bands, provided we ha^o farst a iicl 
mixture which is easily fired, cajtable of acting ahnost exp ^ 
so as to fire the rest of the material, which can be more or less 

The Clerk eimino (Appendix III.) is extremely similar as regards 
the Seo^ of ite actLl'^ I am not sure thrt the makers o these 
two engines would agree ivith me upon this point, hut so far as I 
am able to form any opinion, I should say that the action of the 
two engines was extremely similar, and that we should expect to 
find, as we do find, a very close agreement between the actual res 
which are obtained. In the Clerk engine, however, there is a totally 
different method of introducing the gas and air, and a veiy 
ingenious one. A (Kgs. 5 and 5a, Hate 2 ; is the cylinder ; C m 
the piston. The charge of gas and air is introduced throng 
valve V, by a passage not shown, and goes into the chamber lx. 
■\yiion it comes in, the residual products of combustion are c riven 
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out before tlie incoming cliarge tbrongh tlie exlianst E, until a 
portion of tlio incoming charge follows the residual products 
through the exhaust. This portion is intended by the makers 
to bo simply air. As soon as that begins to go out through the 
•exhaust, we have the cylinder completely emptied of the resi- 
dual products which Messrs. Otto and Crossley retain. Then the 
exhaust is closed, and after that the charge of gas and air is 
compressed by the return of the piston 0 into the chamber G, ready 
for firing. The action of the engine is then exactly similar to 
that of the Otto and Crossley engine. The difference, and it may 
possibly turn out to be a very important difference, is this : that in 
the one case you have the residual products retained, for the 
purpose of diluting the mixture, and in the other case you have no 
residual products retained for the purpose of diluting tlxe mixture. 
Moreover, in the engine designed by Mr. Clerk we have the air 
and gas delivered into the cylinder by means of a displacer piston 
D at every second stroke, instead of at every fourth stroke, and 
this is so far an advantage ; but on the other hand this is counter- 
balanced by the fact that you have to add to the engine another 
organ, namely, the pump or displacer B which sucks in the air and 
gas in the first instance, and then delivers it, acting, not against 
the pressure, but simply as a displacer, into cylinder A. But in 
both cases we have the simple explosion or hurning, if we choose 
so to call it (perhaps it is more correct to call it burning), of a charge 
of air and gas, or of a charge of gas mixed wfith air and residual pro- 
ducts ; the hurning charge expands according to the laws of fluids 
in a closed chamber of varying vohnne, and in both engines this 
burning charge does work by expanding, and gives rise theoreti- 
cally to the very same indicator diagram. There may be small 
differences between the two engines, due to the different pro- 
portions of the cylinder, but the two theoretical indicator diagrams 
must be very closely the same. It does not appear that there is 
any very great difference in the manner in which the combus- 
tion takes x'>la'Ce, whether the dilution of the charge is due simply 
to air, or to the residual products. 

Now I come to another burning (question. About two years ago 
an admirable Paper was read by Mr. Clerk upon the theory 
of the gas-engine. There \vas an excellent discussion upon the 
I^‘lper, and a great deal of that discussion turned upon tlie tpies- 
tion whether, during the burning of the gas, dissociation acted 
as a check to the pressure and temperature which were arrived at. 
I need hardly say that I have studied that Paper carefully. I have 
also been much favoured by Mr. Clerk and Messrs. Crossley, who 
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Ixavobotli HWu tho greatest kindness in prcmding me witli the 
results of any experiments which I chose to ash them to make, a cl 
living mo the benefit of experience far greater than my own, 
tcmclnng me, in fact, many of the things of which I have to speak 
tlki.ht. It seems to me that those experiments shmv that 
■dthon"-h the words they would nso in describing the efects aio 
different, as to tho effects themselves whioh are to be anticipated 
in any given case, they would both he in agreement; as must ho 
iho ease in fact, when two independent observers sunxdy wish o 
ascertain the truth. I will describe tho results of some experi- 
ments which were tried fimt of all at my suggestion. ihe point 
raised seenia to have boon this: .does the comlmstion take place 
crradually in the Otto engine in consequence of tho stratiticauon 
“vhicli is assumed to exist ? Now, I will put altogether on one side 
the (Hiestion of stratification : tho importunt rpcstion, it appeals to 
me, is rather, does tho comhnstion take place graduall}^ or have we 
a rapid corahustion almost completed at tho very Ijcgiiining ot tho 
stroke ’ Let us put out of the question altogether tiie causes which 
may effect the result, and simply consider tho result, ^ow, about 
this I think there can ho absolutely no doubt whatsocvci. Ihcic 
are a scries of diagrains hero, furnished by Mr. Grossley, which 
show, in the most conclusive manner, that by varying the strength 
of the mixture you can vary the rate at wliich tho heat is produced. 
First of all wo have a set of diagrams asked for in tho discussion of 
two years ago, and as they are amongst tho least couclusivo dia- 
srramB, I will take tliom firBi-— a set of diagrams lettered A (t ig. , 
Plato 3), sliowing tlic effect of cliaiigo oi speed when the mixture 
is kept as nearly constant as possible. It is by no means an 
easy thing to keep tho mixture constant The amoimt oi air 
sucked ill varies with tho speed, and varies with the tempera- 
ture of the cylinder, and it is extremely difficult to ascertain. I 
can hardly feel certain that any experiments have been tried— 
certainly none have been brought before my notioo— m winch 
in an absolute manner the weight of air supplied to the engine 
was practically known. It can only he inlcrrcd, whereas the 
quantity of gas is reaUy measured. But trusting to Messrs. 
CroBsley*B expericBCC, wc may suppose that the charge really w^as 
maintained constant at these dift'erent speeds. It wBl ho .seen 
that as tho engine runs slower and slower, so tho initial pressure 
rises higher and liigher; and in this case the higher pressure 
certainly corresponds to a higher toinporaturo. One must ho 
warned aMunst always imagining that a higher pressure in tho 
g^ginTcorresponds to a higher temperature. That depends 
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upon wlietlier or not tlio antnal fluid wliicli is being lieated remains 
tliG same in (iuciiitity and quality ; we might have a liiglier 
pressure and a lower temperature, if the density of the original 
mixture wore raised. But hero if the mixture was really main- 
tained the samc—and the best, efforts were directed to make it the 
same — then avc have a rise of pressure, and consequently of tem- 
perature, due to a reduction in speed. It must be remarked that 
the rise is very small, and therefore that, even at the faster speeds, 
wo had got very nearly to the maximum tcmpcratiirt^ and the 
maxirnnni pressure at an early period of the stroke. This set of 
diagrams, then, is not very conclusive as to whether or not there 
is some limit set by a dissociation of tlie gases, botli to the 
tcinperature and to the pressure. Again, it leaves rather uncertain 
tlic question as to whether or not there is a gradual eomlmstion 
taking place. The next set of diagrams, lettered B (Fig. 7, 
ITuto 3), were taken to show the effect of a change of mixture, and 
here wo have a very .much more marked result. We llnd tlnat as 
the mixture is made riclier and riclier, we get a Iiigher and higlier 
initial pressure. In this case again it is not a].)Solutely certain 
that the higher initial pressure corresponds to a Iiigher tempera- 
ture, because arc not certain tliat the same weiglit of fluid 
is contained in the cylinder at the moment of explosion; but 
any variation in the weiglit of the oi’iginal fluid must have beeji 
small, so that I think the diagrams do point distinctly to a rise of 
temperature as the richness of the mixture is increased. This can 
hardly be doubted, and if so tliere is no sign that a limiting tein- 
poraturc has been reached. It is no doubt open to question, wliethor 
if there be a limit this limit is sot by dissociation at one temperature 
for one mixture, set at a higher point by dissociation for another 
whicb is riclier in gas, and set at a higher point by dissociation for 
a third which is richer still. Tlioro is some good ground for suj)- 
posing that something of this kind will take place, nevertheless 
these results of experiments are at any rate consistent wuth the 
assumption that there is no limiting pressure approached yet by tlie 
gas-engine and fixed by means of dissociation. These diagrams also 
leave the question oi>en as to what the rate of combustion might 
bo. But wlien wo come to the diagrams lettered C (Figs. 8 and 9, 
Plato 3), talven from an engine in which a very weak mixture was 
burnt, I think there can be no doubt whatever that such diagram s as 
these correspond to a very slow rate of combustion ; that we have, 
in flict, the combustion taking place throughout the whole stroke. 
There were some diagrams shown hero upon tho occasion to wdiich 
I have referred in which it would appear as if ignition hud been 
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delayoa, as if at the hegmning of the stroke the gas had not in fact 

■eau-ht iirc, and this was oaUed slow inflammation, distmgnishing it 

fmm sldw comhnstion. But in Diagram 0 I think there can he mi 
donU tliat combustion is taking place tliroiigiiont tlio wbole stioke^ 
^lorcoYcr this conclusion is suiiported hy this other Diagram 
(Fi«-- 10, riate 3) taken from a Crossley engine in which a partition 
had^ecn placed, which separated the incoming gas and air from the 
residual products, so as to prevent the dilution of the charge, in 
dumram A, which is the normal diagram, the curve is blunt at the 
■top! In diagram C we find that the curve is very much shariiened. 
We have a sudden increment of pressure and temperature at the 
very beginning of the stroke, due as it would appear to the 
richness of the mixture and the rapidity of the eoinhustion; and 
then wo have a comparatively sudden fall, not differing i 
however from tho ordinary adiabatic cuiwo. Now these results^ all 
point to slow combustion in tho case of tho Crossley enp.ne, 
whether you have mixture or stratification between tho residual 
products and tlie incoming gas and air. And it does appear to me 
that this conclusion is not only amply supported, hut absolutely 
estahlished hy tho very interesting experiments which have been 
communicated to me hy Mr. Dugald Clerk. Indeed I am not at 
all sure that Mr. Clerk, although some of Ids expressions hear that 
interpretation, would over have contradicted the assertion that 
■combustion was taking place gradually throughout the whole 
stroke of the Otto and Crossley engine, and also throughout the 
whole stroke of his own engine. 

Tho results of experiments which I have the lionour of showing 
to-day, for tho first time, are only a small part of a mnch more ex- 

• Xa/e hy the Mr. Crossley has kindly fnruished the following supple- 

luentery explanation of Figa. 8, D, and 10* 

Tiie curves of Fig. 8 and Fig. 9 are indicator diagrams of successive explosions 

combustions of a weak mixture of air and gas, the proportion of gas to air 
being roiistaiit. “In Fig. 8 (says Mr. Crossley) the changes aro due, I believe, 
to imperfect combustion. In the smaller <liagrams less gas was burnt than in the 
bigger, though the same quantity was admitted. The next ignition consumes 
ao^o that was left froxn the time before. The striking difference between Fig. 8 
nnd Fig. 9 is duo to strati tication being more complete in Fig. 9 than in Fig. 8, 
t.e., the richer jiortion of the charge lies nearest or nearer the light in Fig. 9 than 
in Fig. 8 ; so that though tho same quantity only of gas is present, it is more 
otlbctively ignited and utilized in Fig. 9 than in Fig. S:* The proportion of gas 
to air in the total charge is the same in Fig. 9 as in Fig. 8. 

“ Fig. 10 shows the effect of too perfect a stratification. Combustion is here too 
much accelerated to be economical. Tho quantity of gas is not increased, as in 
Fig. 7, but merely its distribution through the charge is altered by a diaphragm 
Ui the eyiinder.** 
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tended series of ex] xniments made hj Mr, Clerk, and tliey seem to 
me to bo of the luglicst interest. They are represented by tlio two 
diagrams E and E (Eigs. 11 and 12, Plato 3). These show tlio result 
of the following experiment. There was a closed cylindrical yessel 
7 inches internal diameter, 8:1 inches long, filled with definite 
mixtures of gas and air, or of simple hydrogen and a,ir. Then 
wdicni completely shut in (there is no -working piston) the mixture 
•was fired by an electric spark. There was a little indicator piston 
attached to the cylinder, in a w-ay which all engineers will readily 
understand, wdiich traced these indicator diagrams upon a drum in- 
volving uniformly. Taking hydrogen first, Diagram E (Eig. 11), 
we liave curve a, corresponding to one volume of hydrogen and six 
volumes of air; curve one volume of hydrogen and four volumes 
of air ; and curve c for the rich mixture of two volumes of hydro- 
gen and five volumes of air. We find in curve a a slow rise of 
pressure and temperature, and in curve c a very quick rise. Wo 
find the combustion taking place rapidly in the one case and 
gradually in the other. Tliere is no doubt whatever from this 
diagram that the oomhnstion does take place more slowly in tlie 
one case than, in the other. Diagram E (Fig. 12) sho’ws similar 
results when different mixtures of coal-gas and air are burned. 
We see here a still more extended series showing that tlie time of 
attainment of maximum pressure is completely under control ac- 
cording to the greater or less dilution of the mixture. If you will 
notice the number of seconds you will see that even the rich mix- 
tures take six hundredths of a second before the maximum pressure 
is reached ; that is quite comparable with the time taken by the 
piston of an actual engine in moving through a very appreciable 
part of its stroke. The gradual fall of pressure indicated is duo 
to no other cause than to simple conduction away of the heat by 
the sides of the vessel. But wdien that removal of heat by the 
sides of the vessel is eliminated as well as it can be, it will ho very 
apparent that combustion is going on after the maximum pressure 
is reached. In the experiments indicated by some of those curves 
the combustion is proceeding at nearly a constant rate before 
and after the point of maximum pressure. The fact of gradual 
combustion is absolutely proved in these heautiful and, as far as 
I know, novel experiments of Mr. Clerk. 

They present also one very remarkable feature, to which, I will 
draw your attention, although it may have greater interest for the 
physicist than for the engineer. In the case of hydrogen, you will 
ohservo that the curve in each instance rises in an unbroken lino 
from the starting point to the point of maximum pressure ; whereas 
[the INST. C.E. LECT. VOL. II.] I 
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In tlio case of tlie combustion of coal-gas, tbero is a very singular 
hump jn the middle. This is not due- to the indicator, -which is 
the same in both cases ; moreover -we have a less rapid increase of 
speed of indicator piston in the case of coal-gas than in the case of 
hydrogen. It is not therefore an oscillation due to some inertia 
in the little indicator hy which the cui-^-e was traced ; it represents 
a real pause in the rate of combustion, due, one would imagine, 
to the variety of elements which go to form the whole of the 
gfis. The very complicated substance coal-gas may behave very 
differently from the simple substance hydrogen. We may have 
■certain hydro-carbons being decomposed at this period, and the 
amount of energy required to do that may cause a very sonsihle 
check in the rate at wluoh the curve rises. 

We have, then, in the whole group of experiments tried hy 
Messrs. Crosslcy and IMr. Clerk ample evidence to satisfy us that 
the combustion takes place gradually in all oases; and, morcovei, 
that wo have the power of controlling this rate of comlmstion^as 
wo please by diluting the materials, whether they are stratified 
-or not. I do not know that any experinionts have been tried 
by Mr. Clerk Avith gas which has been diluted by mixture witli 
the residual products, but I should expect closely analogous results 
to follow. Ko doubt one may say that in certain forms of engine, 
inflammation takes place very rapidly, and combustion slowly, 
and that 'in other forms inflammation takes place slowly and 
combustion rapidly ; but it is exceedingly difficult, to my mind, 
to separate the two things. There is no doubt a difference be- 
tAveen the idea of the propagation of the flame frfun one part 
of the <-ylimlcr to the ether by the gradual catching fire of 
-KWJcessivo layers, and the idea of gradual comluxstion which takes 
place after the ilaino has really spread throughout the mass ; hut 
I confess to feeling the greatest uncertainly as to what takes 
place inside the eyiindor after the ignition oecui's. Th(;re is not 
the slightest doubt that the rate of increase of pressure is under 
control by the dilution of the mixture. There is also no doubt 
that it is under control hy the manner in which that mixture 
is fired; that you may propagate the flame more rapidly hy 
•shooting out a mass of lighted gas into the middle of the mixture. 
You may modify the rate of combustion in both cases, Avhether 
the gases are stratified or not ; and the main thing for the bulk of 
the profession, I take it, is to know that av6 have two means of 
modifying the manner in which this combustion takes place. 

Now there is no advantage, from any heat-engine point of 
■view, in the gradual combustiou. So far as gas-engines are 
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lieat-engines it wcaild be more advantageous tliat tlie whole lieat 
should be giveo at the liigher temperature and, thereforiJ, at the 
],)Cginning df the stroke. But this might and w^mhl have an 
inconvenient practical result by giving us pressures with which 
it would he inconvenient to deal : wo should have great strains 
on many parts of tlie engine. Therefore it is desirable that 
wo sliould bo able to delay the rate of combustion. It is quite 
certain, whether dissociation sets a limit or wdiether there is 
some other cause, that the maximum temperature reached in 
the gas-engine is practically very much alike in all the forms 
of engine~that it does not difler very much from 1,530^ or 
1,500"' Centigrade. I find the various authorities agreeing u}>on 
tliat. It is not of any very great consequence whether that 
limit is set by dissociation, or whether it is set by some other 
cause, we must acknowledge the fact, and design our engines with 
the knowledge of the fact ; and wc may feel thankful that w^e do not 
get tlie wliole of the heat produced at once, hecause this would 
give rise to those inconvenient pressures of which I have spoken. 
Hero again I find the most absolute agreement between the 
makers of the two engines. In a most interesting Paper sul>- 
initted to me by IMr. Grossley and written by Dr. Slaby, of Berlin 
(see Appendix IV.), there is a calculation of the quantity of heat 
dovelo})od at the time when the maxiiniiin ju’essiuu is produced in 
the cylinder. According to that calculation it is al)out half the 
total heat : the rest of the heat is develoj)ed during the stroke. 
Whether the exact proportion is right or not, I cannot say; it 
depends upon a good many assumptions as to specific heat and so 
forth, but roughly it must represent the truth. Exactly in the 
same way, Mr. Hugtild Clerk, in calculating the quantity of heat 
developed by the hydrogen curve at the ]K>int of maximum pres- 
sure, arrives at the same conclusion — that there is about one-half 
of the heat present as heat at that point, the rest ])eing developed 
afterwards. And this gives rise to a very luiieh more convenient 
indicator diagram than we sliould otherwise have. If all the heat 
were developed at once wo should have a high initial pressure 
followed by a rapid fall, whereas with the actual mode of com- 
bustion we have a well-sustained pressure throughout the stroke 
wathout any very extravagant amoxint at the beginning. 

In dealing with this combustion it hardly appears to me that 
the phonomonon is as simple as has been supposed. At the instant 
wlien the presBuro is greatest, this pressure is found to be that 
which would correspond to a temperature of 1530® Centigrade if 
all the fluid were at one temperature ; but when wo think what 

I 2 ' 
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IviDPen inside tlio cylinder, we see that the enter layers next 
r mnst he comparatively cool, that wc shall have an 

StrW; hot kernel, as it 4re, in the very centre oi 
and that we shall have successive layers separatm,, , n’ i ^ 
nertion from the colder portions; that we shall have 
o«ly mjd convection between these different parts, ha 
still in the main wo must have an extremely hot koniel and . 
emiarativoly cool envelope outside. The expansion which will 
occur under these circumstances must altogether defy 
We shall have the centre 

surroundin'^ parts ; we shall have other layers of fluid expaiiuin^ 

rocciriSs h,.. ttaegtat fte ““ 

of the fluid; we shall have, moreover, layers of fluid ivhici 
partit with heat rapidly to the metal outside; and we only 
observe upon the indicator diagram the gross result of all thes. 
extrlmeW complicated changes. No doubt this gross result is 
tnmparuth-ely limplc. With the degrees of expansion which are 
usS in thos“e gaiengines. the acttial curve which is ohsemmd 
differs very little from that known as the 

snpposcs that no heat is given and none taken avaj. ihat 
supposition is absolutely contrary to what wo know a ves p^aco 
in the case of the gas-engine. We are, as I shall show y , 
taking away hy the cooling ciivolopo one-half of the whole hea 

the gradual coml.ustion at such a rate that the curve obtained in 
prmtico may he taken as sensibly coinciding with the adiabatic 
<-urv(>, the result being the same as wo should find if vo had a 
smaller (jnaiitity of heat produced, Imt kept itpnsido an envc op 
which was i.erfectly iion-conduoting, and retained the whole heat. 

So much as regards the theorj' of the burning. As to the I'^itical 
results which the great makers have obtained, we find that Mesms. 
Otto and Crossley, speaking of their new twin-engmo (m wliicii 
two such cylinders as 1 have described are placed side by side, so. 
that there is an explosion once for every revolution, and winch 
works up to about 28 UP.), claim the remarkably high mechanical 
efficiency of 82 per cent. This is the ratio between the brake horse- 
pewer and the indicated horse-power. F or each I.HP. they consume 
about 20 cubic feet of gas, or for each B.nP. they consume about 24- d 
cubic feet. The space required hy the engine is veiy small ; 10 lee • 
3 inches hy 4 feet 8 inches; tlio speed from one hnndrod^and 
lifty-fivo to one hundred and sixty revolutions per minute.^ Ibis 
is the last result they have obtained. When they hum, instead 
of the ordinary coal-gas, the Bowson gas (the merits of which were 
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explained not long feiinco by Mr. Bowson, wbo lias, moreover, siiice ^ 
then BJinpliliod bis inaeliinery), tliey bave a consumption of 1 • 1 lb. , 
of coal per I.Iir.—only half tliat of very good steam-engines. 
Besides tliesc general results, an extremely elaborate analysis of 
tbe perforinaneo of one of these engines is given in the report 
drawn up by Dr. Slaby of Berlin (Appendix lY.). I cannot agree 
witli everything he has stated in that document, but the experi- 
mental part bears every sign of having been conducted with 
the greatest care, and I think it is extremely instructive. The 
general result is this : the engine was consuming about 28 * 3 cubic 
feet of gas per I.IIP. (it was only a 4-horse engine), and this 
is a poorer result than that which Messrs. Otto and Crossley 
are now able to secure. With this engine 16 per cent, of 
the whole heat generated was converted into I.HP., 51 per 
cent, of the total heat was taken away by the cooling due to 
the water which surrounds the cylinder. Here is a great margin, 
as you will oliserve, fur improvement in the future of gas-engines. 
The expelled products took away 31 per cent., and there remains 
only tlie small amount of 2 per cent, lost by general conduetion 
and radiati(jn. It will be observed that more than half the 
heat was taken away in a manner wixich is aijsolutoly useless. 
This is not finding fault witli the engine, hut simply stating the 
fact that tlie heat taken aw’ay by tlie cooling water is absolutely 
wasted so far as efficiency is concerned ; the only object of the 
cooling jacket is to keep the oil in the cylinder at a teniperaturo 
which enahles tlie engine to run with duo lubrication. The heat 
liberated before the maxinmiu pressure was reached wim 55 per 
cent, of the whole. The maximum teniperaturo (calculated in a 
somewhat circuitous manner) was 1231'^ Centigrade. The mean 
temperature of the discharged products was observed to lie 
between 423^ Centigrade and 432'^ Centigrade. The average 
eifeetivo pressure was about 54 lbs. per scj[. in., the maximum 
pressure 150 lbs. per sq. in. 

The results which were obtained from a Clerk engine are closely 
analogous to these. The LHP. is 9*71; the B.HP. 7*7. The 
mechanical efficiency is 79 per cent., Avhich is as high as any one 
can reasoiialily expect. The maximum pressure is 20{> lbs. j)er 
scj. in. The amount of gas per I.HP.^ is about the same as in 
Messrs. Otto and . Crossley’s engine, 20*6 per IJIP., and 2B*3 
})er B.HP. Certain other engines of Mr. Clerk have given, even 
mure favourable results, coming us low, under rather exceptional 


* Tliat is, per Hlb indicated in tlio main c}'linder. 
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circumstances, as 17 and eyen 15 cnMo feet per IJIP. But since, in 
mj judgment, tlie tlieoiy of the two engines is very similar, tlie 
consumption -por I.HP, is likely to be identical, and any difference 
in the practical working will depend on points of which we cannot 
treat to-night. Mr. Clerk, by a completely separate and indepen- 
dent experiment, found that in his engine 54 per cent, of the 
total heat generated was taken away by the cooling water. The 
experiment hy Dr. Slaby of Berlin gave ns almost exactly the 
same resnlt. We may confidently say, therefore, that more than 
half the heat generated is wasted in this way. This 54 per cent, 
is the quantity of heat, or one of the quantities, which we might 
possibly save by fresh invention. No previous results with gas- 
engines have equalled those wdiich I have quoted. We may 
measure the great advance made by looking back to what was 
done by the original Lenoir engine, in which there was no 
compression of the gas and air before ignition. Then only about 
4 per cent, of the total heat generated was converted into B.Iir., 
according to the data given by Prof. Tresca ; that would be less 
than one-tliird of what was done during Dr. Slaby’s experiment, 
in which more than 14 per cent, -was converted into B.IiP. If we 
take the bettor results which have since been aebieved in tlie larger 
engines by Mr. Clerk and Mr. Crossley, apparently 10 or 17 or 
even 18 per cent, of the heat generated is by them eonvortod into 
B.HP. We have, therefore, at least a fourfold improvement as 
compared with the original Lenoir engine. That corresponds 
very mncli with what vro find if wo look simply to the consiimp- 
tiott of gas. The original engine consumed about 90 cubic feet 
pc^r I.TIP. ; then it was improved until it consumed something 
over 70 feet. Now we liave an engine which consumes 20 feet or 
even less per IIP., and we Ijavo not yet got near the limit beyond 
wldcli improvement is impossible ; this last point is really iin- 
]>ortant in estimating the merits of these gfis-engines. When we 
are dealing with other forms of heat-engines we find that wo 
arc getting somewhat near the limit of jierfectibility. When I 
am tedd that the steam-engine is very perfect, then I say, so 
much tlie worse for the steam-engine, because nothing more can 
be done for it. But every imperfection that I am able to point 
out in the gas-engine is a point in its favour. It shows the 
margin there is for improA^^ement. NeA’-ertholess, AA^hat is the result ? 
Why, we can already speak of 24 per cent, of the heat actually 
generated being converted into work, in the cylinder. I should 
ssiy that that Avas quite double wluit has been done by steam- 
engines Avith which I am acquainted. I have not looked at 
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tlio very latest results obtained from steam; but eortalnly tlio 
abBoliitc ellieicney of the actual gas-engine is double that of tlio 
steani-en glues that I myself happen to have studied, * 

Now tliat I have spuhen so well of the gas-engine, ilie next point 
for coiisiileration is to compare the ideal efficiency and theoretical 
diagrams with the actual efficiency and real diagrams that we ol>ta!n, 
and liere \v() shall a,t once begin to be extremely dissatisfied \\itli the 
performances of tlie actual engine. lYe find that the burning gas 
reach<3S a t(miperatiiro of 1530^ Centigrade, and in some parts of 
the cylinder the temperature may not improbably reach 
because, as I ought to have said, Mr. Clerk is clearly of opinion that 
tlte tcjnperature of lOOO'^ was reached during those experiments in 
dosed Yessels. 'Idiat 1900® should be reached for an instant in the- 
perfectly-closed tcssoI is not at all inconsistent witli the fact that 
in a cylinder with large cooling snrlaces surrounded by water- 
the maximum pressuixi should be that corresponding to 1530® and 
not 1000®. X have already pointed out that a mean temperature 
of 1530® throughout the cylinder at a given anoment recpiiros that 
at the kernel of the mass the ternporaturo should be considerably 
greater, end wo may from Mr, Clerk’s experiment take this maximum 
as at least 1900®. Now if we calculate the ideal efficiency of a heat- 
engine working between the limits of say 17® Centigrade and 1900® 
or even 1530®, wo shall see tlnit it is very greatly in exee>SH of’ 
what we get in the case of the actual engine. It would, how- 
ewer, be unfair to take the ideal efficiency of the engine calculated 
in this way. In the itle;d heat-engine it is necessary that all the 
heat sliould he given at the highest temperature and rejected at the 
lowest. Is that the case in the gas-engine ? Certainly not. The 
heat is received by the fluid at all points, from the temperature- 
■wlii(di the gas has wlien wo sot fire to it up to the temperature 
which it ultimately reaches. We cannot take any one temperature 
as representing the true temperature at which all thejioat is given. 
In the same way, when, the heat is rejected we do not reject the- 
whole heat at the temperature of the atmosphere nor even 
at the lowest temperature of the residual products, neither do 
wo reject it at the temperature which these products have when 
the exhaust is first opened ; we reject it at a number of inter- 
mediate temperatures, ranging from the highest temperature 
reached to the temperature when the exhaust is about to close 
after tlui return stroke. Therefore the gas-engine does not present 
the features of an ideal engine at all, and I nmst not eumparo the 
actual results attained with the results of an ideal engine, working 
between the two extreme conceivable limits. It may interest me- 
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to nialce tlie comparison, 'but it is of no practical importance. I 
cannot with onr actual engines expect to approach this ideal 
eirmic. What I must do before I can see what the difference is 
between the obseiwed performance of the engine and that which I 
have a right to expect from it, is to calculate the theoretical 
efficiency, by which I mean the efficiency as determined from the 
theoretical indicator diagram which an engine would give pio- 
vided certain not wholly impossible conditions could be observed ; 


Fig. 13. 



that is, provided I gave all the heat at the period most advan- 
tageous from the heat-engine point of view, and then kept the 
whole heat in, not taking any out through the^ cooling envelope, 
but allowing the gas to expand along the adiabatic curve, and 
then rejecting it linally and instantly. Fig. 13 gives two theo- 
retical diagrams of this kind lettered A and B, showing air 
admitted to the cylinder of a gas engine at atmospheric pressure, 
compressed until it reaches a pressure of 40 lbs. and 80 lbs. 
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respectively, heated suddenly to 1,537° Centigrade, and expanded-^ 
to doiilde its original volume. This diagram is what I call theo- 
retical ; I mean by that word that certain important facts are left 
out of account; (that is my definition of theoretical. For the sake- 
of simplicity, you leave out a number of considerations which you. 
know to exist, and having done that you call the result theoretical, 
and the smaller the number of facts you leave out the closed will 
].>e the coincidence between the actual result and the result of 
theory). Noav when I so coinxjare the theoretical and the actual 
performance of the engine, I find something of the following kind* 
If I 'svero to compress gas to 40 lbs., a pressure which is used not 
unfrequcntly, the theoretical efficiency would be 45 per cent.^ We 
actually get something like 24 or 23 per cent. ; we know that one- 
half of the heat is taken away by external cooling ; thus we 
fmd a very close coincidence hetween the calculated efficiency of 
these engines and that which we actually obtain ; only we throw 
away al)Out one-half of the heat in keeping the cylinder cool 
enough to permit lubrication. If we compress to 80 lbs. we have 
a theoretical efficiency of 53 per cent. If we do not compress 
at all, as Mr. Clerk has told you, we liavo a theoretical effi- 
ciency of only 21 per cent., so that we have it in our power to 
increase the theoretical efficiency very greatly by increasing the 
pressure of the gas and air before ignition, I have no doubt that 
the great gain of efficiency in the Clerk and Otto engines is really 
due to the fact of the compression ; this being done in a workman- 
like way and carried to a very considerable extent. But there is 
very little Jiope of gtdflng much beyond the point already attained. 
As you increase compression you increase the difficulties of con- 
stTn(*ti(ai immensely, and we can hardly expect much further 
improvement ])y tlie use of higher and higher initial pressures. 
In my opinion this principle has already been pushed almost as 
far as is ])ract.i< table V'itli actual materials and actual finish of 
WiU’kmanship. An idea oeeurred to me which I thought might be 
wmih investigating, the results of which I only give for tlie 
purpose of saying that the idea is worthless. It was dear that the 
efficiency of the engine as a heat-engine might be improved by 
lowering the temperature at which heirt is rejected, and it oc- 
curred to mo that this end might to some extent be attained by 
cooling the air while it was being compressed ; and it is interesting 
to compare the results of theoretical diagrams computed on this 
supposition with those computed upon the supposition (which cor- 
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responds closely with actual practice) that the fluid is compressed 
without any abstraction of Iioat, so that the compression curve is 
adiabatic instead of isotliermal. The result is shown in the 
diagrams, Fig. 14. These are theoretical indicator diagrams, cal- 
culated ^vith the follo’sving datad One volume of air, say a cubic 
foot, at atmospheric pressure, is compressed to 40 Ihs. and 80 Ihs., 
as shown hy full and dotted lines. Sufficient heat is tlieii suppos( 3 d 
to be added to raise tbo temperature to 1537^ Centigrade ; this 
temperature is cliosen to make the results comparable with those 
of Mr. Clerk’s paper ; the fluid is then expanded to two volumes, 
say two cubic feet, and instantly discharged into the atmosplicro. 
In Fig. 13 the compression is effeoted without any abstraction 
of heat, so that the compression curve is adial)atic. In Fig. 14 
the compression is effected so that during compression the fluid 
remains at one temperature ; the eompi'ession curve is isothermal. 
The efficiencies are as follows : — 

A(Ha1>atic compression to 40 lbs., efficiency O' 15. 

„ „ 80 lbs., „ 0-52. 

Isotlicmial compression to 10 lbs., eOSciency {)*18. 

„ „ 80 lbs., „ " 0'51. 

The efficiency is therefore hardly clianged at (dl, but the 
isotliermal coinpression gives a distribution of pressuroB far less 
suited foi' practice tban tliat given by adiabatic compression. The 
maximum pressur(.‘s aliove the atmosphere are 218 Ihs. and 328 Ihs. 
respectively for tlio two adiabatic diagrams, and for tlio isothermal 
compression these pressures have risen to 325 Ihs. and 574 Ihs. 
11 x 680 high pressures are quite inadmissible, and this is the less 
to bo regretted as the gain of efficiency is insignificant. We 
may therefore reject the idea of isothermal com|)ression as worth- 
less. I’hen wliat remains ? There arc two perfectly distinct faults 
in the gas-engine as it stands to-day : first, that the temperature 
of reiection of the burnt gases is a great deal too high; and 
secondly, we lose a large proportion of heat across the walls of 
the cylinder. I will deal with these separately, taking first the 
question of the lowering of the temperature of rejection. The 
more you can expand, the more you cool by expansion, and you 
can lower the temperature of rejection in this way. That is 
the heat-engine explanation of the merit of initial compression. 
But wo have got pretty nearly to the end of the gain which can be 
obtained in this -way. 

Then comes the perfectly distinct idoti of in some way or other 
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nialdng use of a regenerator. Tlie first nse ol the regenerator 
which^J have heenL able to find (I shall ho glad to he corrected 
if I am wrong) is in Stirling’s first patent for a hot-air engined 
That patent was taken ont in 1827, and it is one of the most 
romarkahle documents that I know in the history of engineering. 
I do not think that engineers arc hy any means sufficiently 
acquainted as a body with the extraordinary merit of the inven- 
tion made hy Dr. Eohert Stirling, a Scotch minister, who was 
assisted hy his hrother, James Stirling, an engineer. The regene- 
rator is really one of the greatest triumphs of engineering inven- 
tion. The fundamental idea connected with tlio regenerator is 
tliat it is a means of storing and re-storing heat without losing it. 
It allows you alternately to raise and lower the temperature of a 
mass of air or water, or whatever fluid you choose, without losing 
{theoretically) any of the energy. Practically some portion of the 
energy would ho lost at each change. This storing and I'c-storing 
of heat is playing a larger and larger part in the industry of the 
country, and all I ion our should ho given to the name of the man 
who finst proposed the regenerator. I heliove that man to ho 
Dr. Kohert Stirling, llis idea has heen. much more fertile in other 
directions than in the actiral improvement of any heat-engine. 
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but tlie essential parts are more easily seen in the diagram, 
Fig. 15, Plato 2, after a shctcli in Eankine’s well-known “ Manual 
of the Steam Engine,” or in Fig. 16, Plate 2, wliicli shows 
Eobinsori’s engine, a small but complete form of the Stirling 
engine now in the market, driven by gas used externally. I'liere is 
a plunger F (Fig. 16) which works up and down inside the vessel A, 
acting simply as a displacer. The cylinder A. has a driving-piston 
C connected with the crank E ; a second crank at right angles to 
the first, and in advance of it, "works the displacer. When the 
displacer is at the top of its stroke the greater portion of tlie air 
is in the lowmr space over the furnace B, and is heated. There it 
will expand, occupying a larger volume than wdien cool, and 
if the piston C is at the bottom of the stroke it will bo impelled 
towards the top. Then the plunger F comes dowm and moves 
the air up through tlie regenerator of wire gauze, which limns 
part of the plunger F, as in Stirling’s original patent (rich Ap- 
pendix YII., and Fig. 15 A, Plate 2). The air reaches a refrigerator 
Ao, which is a mere water-jacket in Eohinson's design, aud it is 
cooled there ; then the air contracts and the piston C comes dowm. 
We have thus simply alternate expansion and contraction of the 
same ]>ody of air, aud the engine will obviously ])o driven. The 
theory of the engine is suflicieiitly stated hy Eankino in his Maimal. 

The great merit of Stirling’s engine lies in the regenerator. 
Wo have a great change of temperature taking place Avithont any 
great loss of lieat. The air receives lieat wdicn it is hot ; it then 
goes out from above B hot, it enters the regenerator hot, it conies 
out at the otlicr end of the regenerator cooled ; it then loses 
lieat while cold. Eeniark that the main change of temperature 
is not effected hy the refrigerator. The refrigerator takes aAvay 
lieat Avhich is thus rejected at the loAvest temperature. When tho 
air passes back dowm the regenerator the lieat Avhich it previously 
gave up is restored, and tho fresh heat wdiich is added aftenvards 
by the fire is added at the highest temperature. You have, 
therefore, a theoretically perfect heat-engine, every portion of 
the action of which is reversible, and reversibility, as you have 
no doubt been told in previous lectures, is the test of a perfect 
engine. Stirling’s is a perfect engine, and it is tho first perfect 
engine ever described. Yon have hero one and the same man 
devising an engine which is theoretically perfect, and devising the 
regenerator. 

He was followed at a considerable distance by Ericsson. I shall 
not describe his engine, wdiidi forms another variety of the 
perfect heat-engine with a regenerator. The idea Avhich naturally 
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occm's is tliat l>y tliis time tlie Stirling engine onglit to be more 
coiuinc>;n, especially seeing tbat it lias a cool working-cylinder and 
piston altliongli it takes advantage of extremely Mgb. tempera- 
tures in the receiver. But the practical difficulties are obvious. 
Ytm have tbe furnace outside, and all tlie beat is transmitted 
tliroiigli a metal plate witli no safeguard against overlieating ; 
there is therefore a constant danger of burning out the bottom of 
the receiver, Thei'e is a further diffioulty in providing suf- 
ficient heating surface. The result has been that this engine 
has not multiplied, except on a comparatively small scale. Wo 
find in the market a certain number of engines which maybe called 
Stirlirig engines (I hojie the English makers will not mind my so 
calling them, just as 1 may call a steam-engine a Watt engine. 
1 <lo not say that their jiarticular designs have not great merit in 
themselves, ])nt they are all Stirling engines). One of these, shown 
in Fig. 17, Plate 2, is that made by Mr. Bailey. It is, like that 
of Messrs. Robinson, an arrangement in which you have the 
displacer and piston in one line — that is a compact way of making 
a Stirling engine. I'lio long surface between the displacer E and 
the outer casing 1) acts as a regenerator. (A diagram taken from 
Mr. Bailey’s engine is shown in Appendix III., Fig, 27.) Fig. 18, 
Plato 2, gives an illustration of the little Rider engine, introduced 
from America by Messrs. Hayward, Tyler and Co. In this engine 
the plunger 0 corresponds to the displacer F of the true Stirling 
engine, and the piston or plunger I) is the working piston. The 
two are so connected that when 0 is near the bottom of its stroke, 
and tlio iluid is consecpiently chiefly under I) receiving heat and 
expanding, the piston D is rising ; when again this piston falls, the 
plunger C is near the top of its stroke, so that tbe air is chiefly in 
the cold space under C ; heat is then l;)eing rejected, and the fluid 
contracts. The passage of the fluid from one cylinder to the other 
takes place tlirough tlie regenerator H, so that theoretically no 
loss occurs during tlie change of temperature. All these points 
the engine has in common with that of Stirling, but Mr. Rider 
allows the hot air to press directly against the working piston, 
which seems a step in the wrong direction. All these engines 
are simply used for small powers, 1, 2, or 3 HP. ; beyond that 
they become unmanageable. Although the results obtained by 
Bailey and Ixobinson are really very favourable, nevertheless 
one can see that there is small probability that we shall obtain 
a large and eflicient lieat-engino so long as the heat is applied 
outside. Naturally the idea which will occur to every one is 
that we should burn gas inside the vessel A above the plate B 
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{Fig. 15), that we 8honhl have oiir fire inside instead of ontside. 
The prohleiii at first sight appears to he execedingly sin i pic ; 
some (nut all) of the ideas of Sir Win. Siemens wore distinctly 
in this direction. I myself, hcgirming with great ignorance 
of the siihject, made some experiments in that line, wliich lasted 
over a considorahle nnmhor of years, the first heiiig coiiductcil 
hy myself, and then in conjimction with Mr. A. 0. Jameson, first 
my pnpil, then iny assistant, and now co-operating with me in 
various ways. We soon found out the great difficulties that exist 
in applying this idea. They are much more numeroiiH than 
would appear at first sight. The first one is that of ignition ; hut 
with a certain amount of trouble that can be got over. Then comes 
tlie diiliculty that before a Stirling engine can bo made ]>ra,ctieally 
efficient yon require to have high pressure. If you liave not higli 
pressure the engine must bo extremely bulky relatively to its 
power, because your moan pressure throughout the stroke is ex- 
tremely small. In the little engines wliich have been described, 
one great merit of which is simplicity, there is no attempt made to 
get high pnressure, liecause adding a force pum]> would add greatly 
to the cost and comiilication, and the saving oi* a few pounds of 
coal Avould be coiu[>arative]y of no importance. Ihit for large 
engines you must have such pressures as Stirling used (150 lbs. per 
stxuaro iiicli is tlic minimum pressure mentioned in his second 
patent), and when you have to deal with, air under such a pri?ssuro 
you meet with great, difiicultics. You require to compress it 
probably by two steps, to liave two comjmissing-pumps. Then 
there is the further complication, that; you require to expel at eacli 
stroke as much gas and air as you put in. The total amount of 
working fluid is very much larger than that ; so that you are deal- 
ing with a mass of residual products, and you only want to burn 
or explode a little thimbleful of gas and air at each stroke in 
the middle of these products — a fresh diiliculty. Then, notwith- 
standing the small amount of air ami gas which is to he burned, 
if you do not wish to thmw away the work employed in com- 
pressing it, you liave to use it expansively in an ordinary cylinder, 
more or less after the manner of Mr. Buckett or Mr. Wenhaiu. 
Tiien, inasmuch as eaclYcyiinder is only single-acting, if you re- 
quire a double-acting engine, you have two displacers, two cylin- 
ders, a little relieving- cylindez^ a double coxupressing-pump, and 
so forth, and you faul that the engine is not in the least adapted 
for anything excopt^Iargo sizes, and you have complication enough 
to deter any one from oontimiing the experimexit. Then there is 
a third diffietilty, the difficulty of clecyranee* I, xise the word as 
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1 4 -iTin iiisi<3.G 9^ StirliB-^ 

BanHno .so-l 

e,.^inc, you must Ime the reoepta to 

Uich shall not conauct ^ i^es you ^vo^^la require 

insulate your heat. factory material, because 

to ilut in an enormous thi ^ nrorioTtion to the other climen 

vol cannot reduce that iunensely thick lining, m 

;ions of your engines; , Py radiation, whether you 

:*r to tor tl” ,1^ IJTA A.4 tl»t is .Ot oil. 

solid fuel, would he ti,e moment you put 

Another difficulty that . troduce a large amount of ctear- 

in your refractory ™"tenal£i mtio t the 

or waste space f ® ^ere not in the least pre- 
material. That is a thing ^ increase of clearance 

V'lredwhou wo began the effective pressure to fall very 

fa Stirling engine causes the ^po,ous as greatly to 

;r<;ltly. Well, the rofracto^ m ^ ;J^^ ,^ t,,, persons 

torcaso this clearance ^ow pm^ 30 per cent, 

know. Wo found that the fiieclay > tew less than 

porosity, some fire-hricks “ gave 15 per cent, porosity, 

qO per cent. Tlio very densest si _ _ tromely thick lining aug- 
md 1 5 per cent, of the volmne ^^^e an effort to 

ments the clearance beyond all 

overcome this, and we that is to say a metal 

hv putting in what wo callu . 1 refractory material 

linffig, whidi separates the gr^ t 1 ^ ^^^tion of the 

from the internal portion. Tigy . tried with some 

furnace displacer and regeneia ^ ^ sliowii at K. The dis- 

success. The place where at the lower face 

placer P has a metel ^ firo-hrioks. The furnace was 

Ihero thoiiro impinges, thercje^^>^ ^Bchneed not he described. 

fired through the opening G. The main separator 

The rods forming the divides the spaces filled with 

is lettered B, audit will ^^'J^Iwo portions, of which the 

refractory non-conductmg ® clearance is stiU further 

inner has much the ^ portions of brick or hiickdast in 

diminished by enclosing ^ fj,igerator is seen at D. 

distinct casings as at ^-^hin mVgeahle limits. But there 
design the clearance ^ the conolnsion that we came 

remained aU the other c i future intemal-comhustion engine 

to was this, that , td be employed than in any other, 

of fhe Stirling t^® t fpXe was nnLhahle for small simplo 

rrrraSa:^:;« .ve-yu... .»«»* 
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i'd- capital would l>e re<|inre(I, larger than we were disposed to put 
in at tlio tiirie. * 

On(3 is tlieroh.tro driven to consider wlictlier there is really no 
other mode in wliieli the regenerator could he applieti*; and in 
thinking of ■what I could lay before you it occurrotl to me to 
consider Avliat the result would he of simply passing tlie fluid 
in and out tlirough a regenerator. That is, taking the air and gas 
through a 3’egeiierator into the cylinder so as to be Ixeated before 
k>eing fired, and afterwards, instead of rejecting the gases straight 
into the air, passing them out through the regenerator and so 
cooling tliein — which seems a perfectly simple and natural way of 
using the regenerator. I will now deal with this purely theoretical 
idea. Sir William Siemens had very much the same idea in a 


Fm. 20, 



provisional patent which lie abandoned, and something like the same 
idea is to be traced in several other patents, but I cannot find that 
any Urttempt has been made to xitilize it. The indicator diagrams, 
Fig. 20, have been calculated for an ideal engine of this t3"pe (vide 
Appendix II.). In the smallest of the three diagrams (that marked 
I) wo have one volume, say one cubic foot, of fluid, compressed in 
a pump with no abstraction <.>r addition of heat until a pressure of 
40 lbs. above the atmospliere is reached. Then the fluid is siq)- 
posed to bo displaced at a consta'iit pressure, passing through a 
regenerator boated b}^ the previous discharge. This part of the 
diagram is indicated b)’- the horizontal line 1, 2 ; tlio temperature 
meanwhile rises, and the fluid expands, doing work. This expan- 
[the ibst, c.e. 'lbct. von. ir.] ' . ■ ■ k 
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• • ■ +lir' (liaoram supposed to lie continued until . 

Bioii IS in tlie » PF vAf»*oiierator (per cubic 

have been restored by the legcnciabui 

tbernial. units have pee 

foot of the oiiginal )• linip- of 1537° Centigrade. 

to raise the temperature to the assnnied^^^^^ ^ 

When the pressure f --til it 

allowed to expand, neither losing nor i, ^Pown 

effidoncy'caUted from the 

diagram thus j ^r’^'ceirt tf’ t^^^elt"°o^c;mLtion 

XinriCrgram marked J is 

thathoatis ahbtmctodm^ p^at as 

1 this assumptionis 54 per cent. The largest 

K, shows tho effect of increasing the pressure from ‘ _ _ 

The efficiency affculatedfto^^^^^^^ -t the . 

pUure and volume reached at the end of the 

heat converted at each stroke, is ecpal to the whole heat oi com 
hnstion during each stroke. Tho amount of heat that oin 1) 
stored or re-stored is limited hy the considoretion that tPo 

rator can only abstract such a portion ot *1^® “ 4 

reiooted fluid when the exhaust opens as will cool it to the 
temperature of the fluid as it enters from the pump. i 
of course, the wliole of this heat could not ho stored, hi t onlj . 
part of it. The idea as now presented to you is admittedly c ^ , 

for no attempt has hoeii made to carry it into 

are some obvious difficulties in tho way. Is everthdess the i 
seems worthy of study, for the result of the calculation shows that 
wo should obtain a very high efficiency if it could 44*’ 

and this high efficiency is not tho only advantage. 
pressure at tho limiting temperature is 

itself is a great gain. We also have a more uniformly distiibnted 
pressure throughout the stroke ; in other words the maxiinum.and 
minimum pressures are much nearer to the mean pressure thai 
any other diagram; moreover tho maximum pressure oocuis livlicu 
tl crank is lit a favourable angle. Even, however, if we coifld 
construct an actual engine with a regenerator placed as I *=-g& >. 
we should not strike at tho root of the worst evil. The worst evil 
is that so large a proportion of the heat is led away thioug 
sides of the cylinder, and very little has been done to remedy us 
up to the present moment. I am not (fuite at one with Mr. Uerk 
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coiicerning tlie Otto and Crossley engine w3ien lie says tliat tliis 
ongino necessarily loses nioro keat tlian kis own coiidnction 
tlirongk tlio walls of tlic cylinder. It seems to ino tkat tlio two 
engines are in tills resiiect nearly npoii a par, knt if any iking I 
■wonkl give the palm to tke Otto and Crossley. I liave not time to 
give tke reason, I merely record my opinion. 

Mr. Fonlis, of Glasgow, is attempting to avoid tke loss of linat 
across tke walls of tke cylinder, ky lining the gas cylinder 
•witli iidractory lire lirick, and so burning tke gas in a <.*kanil)er 
ivkiok is rod kot. In that way there is no doubt lie may prevent 
tke conduction of keat tkroiigli tke walls of tlio cylinder: but 
unless there is some special device for lowering the temperature of 
rejection, lie will simply increase the temperature of rejection and 
will not find so great a gain as lie expects. 

His plan lias, however, n<jt been com])letely explained to mo, and 
lie may liave some method wliick. is not known to mo, of g(d-ting 
over this difficulty. An ingenious suggestion has keen brouglit 
before me by my colloa,giie, Mr. Jameson. He proposes to apply 
strati kca,tiori in a different way. 3Ii.s oliject is during eacli succes- 
sive stroke to coat the walls of the cylinder witli cool air which is 
not explosibki. When the explosion takes ])laco he intends to 
make suffii arrangements tliat stratiticatiou is retaiiuid ; you tlum 
liave a, eoldeushioii of tinA>est non-condnetiug material against the 
walls of your c}limler. He will lose tluj heat taken np by the 
cold air cushion at each stroke ; hut the heat tlms necessarily lost 
at each stroke, it seems to me, ivould not be nearly so great as that 
which in existing forms is conducted away through tke metal 
ivalls of the cylinder. li* this idea, like sc^veral otliers 1 have men- 
tioned, is somewhat crude, I must ask for your forgiveness, on tke 
ground tkat I am not dealing with a subject which is thoroughly 
worked out I am dealing with a subject wdiich is rapidly growing, 
Whethor there be any merit or not in the HUggestions I have mado, 
it is quite certain tliat there is much room for improvement in two 
directions. We may liopo to save part of the heat now taken awmy 
by the cold-wmter jaclcet round the cylinder, and wo may hope to 
save part of the heat rejected in the products of combustion ; fresh 
inventions ax'e, however, required before these improvements can be 
effected. When Dowson gas is applied, as it now may be with 
no great difficult}’-, I feel no doubt that, even for large engines the 
gas-engine as it is now mado may compete upon favourable terms 
with the steam-engine. Since that is the case now, and since 
theory shows that it is possible to increase the efficiency of the 
actual gas-engine two- or even three-foM, then the conclusion 

K 2 
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seems irresistiUo tliat gas-engines will ultimately snpplant tLe 
ste'im-eii''-iiio. The steam-engine has been improved near y ^ 

as possiwlbnttbe internal-combustion gas-eng^^^^ 

bo o-rcatly improved, and must command a brilliant futuiu i leci 

it « dlowod to soy to to yoo, 

and I say it witli the strongest pemonal conviction. 

Sir Joseph Bazalgette, Bresident: It is my pleasing duty to 
propose a vote of tbants to Professor Pleemmg Jenkin loi tlie 
i cTaldo and interesting lecture to which you have hstened I 
am sure you will all agree with me that ho has shown ^^asdf to 
be a inaLr of the subject with which he has dealt. He 1 
not have been able to lay it before you in so clear a ° 

has done without a considerable amount of labour, and although 
there arc many gentlemen hero who are familiar with the ^as- 
ongine, I venture to think that none will leave this room to-nig i 
without having gained some idea which ivill be of value and give 

room for Itirthor thought. _ 

The vote of thanks was carried by acclamation and was acknow- 
ledged by Professor Jenkin, 
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APPENDIX' L 


XoTATiON', Formulas, anb Constants, 

The follow ill abstract of the relations between pressure, volume, temperature, 
wiaght, hetit, and work done, is given in the hope that it may he found useful by 

engineers: — '■ 

' ' Fig. B. 



P, absolute pressure in pounds per s(iuare foot (strictly speaking this should bo 
termed intensity of pressuro). 

1\ When a letter is suilixed in this way, it is intended to signify that 
the pressure reft‘rre<l to is that corresponding to the ordinate ending in the 
diagram, Fig. B, at a point designated by the lettin* sunixed, A similar suffix 
to other symbols, such as those for volume or temperature, has a siiuilur 
meaning. 

Wiieii two b'tters are suffixed in tliis manner, the symbol deuoh.'S the mean 
absolute pressure (in pounds per stpiarc foot), oaleuliited from the eurvo 
beginning and ending at the points 0 and X) in the fliagram, Fig, B. 

V <lonotes the volume i^i cubic feet occupied by 1 lb, of air or othi*r gas, 

Y/, \h. «S:c., dcHignate. the volume occupied by 1 Ib. of air or other gas when 
tho pressure is P/, I'b,, &:c, 

j 

, mass of 1 cubic foot of air or other gas iu pounds. 

r, ratio of the volume occupied by air or other gas Ixjfore expaiiBion to the 
volume o(’enpied by the same air or gas after expansion, 

r The letters aud bracket atlkod in this manner signify tlmt the ratio Is 
^ ' taken for tho volumes V*; and Ya. 
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. i., also .sea to signify the ratio of the Yolume after compression to the 
volume before compression. 

T si-mifies absolute temperature in degrees Fahrenheit. 

° „ 1 w tEe ordinary Fahrenheit thermometer. 

t si.miiios temperature as measured by the ordinary r. 

r^t 4- 461*2, according to Baimne. ^ ^ 

+ 459*4, according to later physicists. 

The British thermal unit is followin^M^^®™ give the relation 

of maximum density 1 Bahienheit. .^^voximately. Great confusion exists 
l>etween the B.T.U. and other number of fundamental 

in the units at present adopted, part y temperatures as standards, 

units employed, partly due to t e rpj^e adoption of the O.G-.S. 

and partly due to the use of 1 i^* . . but at the present moment the 

.hi.r.p« .t .itti. ..lu. .0 p— «».» 

j d.„*. w.-. «,.«»•■ " 

equivalent to one British thermal unit. 

In Eanhino’s treatise — 

1 British thermal unit = 772 foot-lhs. 

(Bused on experiments by Jonlc.) 

According to later researches hy J oiile— 

1 British thermal unit is more nearly =773-1 foot-lbs., 
v^hore the pound is the force due to gravitation acting on the mass of 1 lb. at 

inaxinnitn density 1® Centigrade), 

1 British thermal unit = 772*8 foot-lbs. 

Appro-vimatcly 1 B.T.tT. = 0-2.52 calories (kilo^am-degree Cent.) 

^ I B.T.IT. = 252 gram-degree Cent. 

1 B.T.XJ. = 10480 megergs (O.G.S. units X 10'^.). 

n The negative sign affixed to the symbol for heat, denotes that the heat is 
^’iihdrawn from the pound of air or other gas instead ot being added. 

B, Useful work done by 1 lb. of air or other gas, as computed ftom the 
tbcorulioal diagram for a given engine. 

2 AimoKpUriB Pj-mmw.— W ben comparing results obtained by <iifferent 

should ho taken to ascmtaiii what meaning they attach to the cxpressic . 

“liters take atmospheric P-f™ 0°^ 
at 0® 0., though some writers take oO in. ot mcicuiy ax u 
ZS heicht of mereSry in the barometer be assumed, then at any one place 
" 1 pSuS to to^s of force per unit of surface depends on the specifio 
S S me“ and the value of y at the given place. The values assigued 
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to the specific gruyityof mercury have varied considerably within the last twenty 
years, and this introduces one clement of uncertainty. 

Wlien authors exjdain, as Haukine does, that the “ atmosphere to which 
they refer corresponds, say, to 211G‘d lbs. per square foot, it must be remembered 
that tile pound used us tlie unit of force is the force exerted by gravitation 
on 1 lb. mass at the seu-level at Greenwich, and that the force exerted at 
Glasgow or Berlin on the .same mass will be actually diHercnt, so that the 
pressure corresponding to 7G0 mm. of mercury would bo dilfereiit at the three 
places, and would rcMpiire to bo expressed by different numbers if expressed in 
terms of any constant unit of force. Tlie mass of 1 lb. of air under atmospheric 
pres^uro eorrcs])oiidiiig to 7G0 inm., would therefore bo dilferent at the three 
places. Moreover, the ratio between the forces called pounds and kilograms 
ill France and England, is not tlie ratio l^etween the masses, altJiough this fact 
is almost universaliy ignored. xVIl ambiguity could be avoided by taking the 
dyne as the unit of force, and one niegadyne per square ceiitimetro us the 
standard atnuisphcric pressure. This standard corresponds to 2(187 lbs. pcT Sfpiure 
foot, or 74.9 *61 mm. of mercury at 0® 0., botli at the sea-level at Greenwich. 

The constunts given in this Appendix are calculated on the assumption that 
the unit ihreo is that ex(.*rted. l>y gravitation on the mass of I lb. at tlie soa- 
level at Grt'cnwieh, and the standard atmosphere is taken as correspiondiiig to 
2UG-41bs. per square foot. 

Ill all examples calculat.eil, Rankine’s constants have been adhered to ; these 
arc quite sulliciently accurate for engineering purposes. 

8. Jialai ioik hetireca the ./h‘c«surc, Tirmperdture^ and Vohirne of I U), of Air or 
other i-kw. 

v\ r V = R T. 

K is a constant for each gas or mixture of gases. A Table is appended giving 
the value of K for several of the more important gases. Thi.s constant obviously 
depends on. the position of the absolute zero of temperature (strictly speaking, 
the position of the absolute zero is inferred from the ol)seryed value of the con- 
stant). The value given in the second culunm is most nearly true; the values in 
the tirst column have been given to allow Rankiuc’s constants to l>e employed 
consistently. Thus for air wo have — 

F Vi:=: 53*15 T. 

The constant E is the work in foot -lbs. done by 1 lb. of air or other gas 
when expanding under constant pressure, while its tcuip{.u'ature is raised 
Fahrenheit. 

This follows directly from expression 1*; for let 1 !b. of gas at pressure I* 
expand from the volume \\ to the volume V^, while its temperature changes from 
Tj to Tg (or to L), we sliall kive — 

and obviously P (Y^ ~ Yj) isS the work done by the oxpun<ling gas. 

Expression 1‘' serves to lind Y, the volume of 1 lb. of air or other gas at any 

pressure and temperature ; or to lind the weight in pounds of 1 cubic foot of 

air or other gas at any pressure am! temperature. . 
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Table I,— Vaixes of constant B in expression for tarioes Gases. 


Dry air * 

Oxygen 

]Sritrog<,‘n 

Hydrogen 

Carbonic aci<I ......... 

Carbonic oxide 

jMarsb gas 

Manchester coal-gas, 30 cubic feet per pound j 
at atmospheric pressure and t = 62 -O®) 

Falrrenheit j , 

London coal-gas, 35*5 cubic feet per pound j 
at atmospheric pressure and t = 62 

Fahr. . . ) 

Dowson gas (Minutes of Proceedings C.B.,1 
voi. Ixxiii.j p. 320) / 


4. SpceJjic Heat — Let K;» denote the specihc heat of a gas at constant 
pressuKi ; that is to say, let be the quantity of heat in British thermal iinitB 
required to raise the temperature of 1 lb. of the gas Fahrenheit while it is 
maintaiTicd at constant pressure (for which puri>oso it must be allowed to expand 
and so do external work). 

lict Kj, denote the specific heat of the same gas at constant volume ; that is 
to sa}*, the quantity of heat in British tlierraal units required to raise 1 lb. of 
the gas 1® Fahrenheit, while the volume remains unchanged but the pressuro 
rises (so that no external work is done). 

Note that K„ and are expressed by the same number in tlic British pound 
degree IMirenheit system, as in the kilogramme degree Ceiitigrude, and in tho 
gramme degree Centigrade systems. These numbers inny bo defined ns ratios 
between the heat required by tho gas, and that required by the same weight 
of water for tho same rise of temperature. 

The following relation is shown by experiment to connect K*.. E, and J. 

2^ . B=: J(Iv^,.-K,> 

It has already been shown that B is tho work done by 1 Ib. of the gas, 
while expanding at constant pressure and rising 1° Fahrenheit; this w'ork is 
now shown to be also equal to the difference between tho s]>ocific heats at con- 
stant pressure and at constant volume for tho same gas. In other words, tho 
work <lono by 1 lb. of the gas while exiianding at constant pressure and 
bt'ing heated from Tj to is (in foot-lhs.) <rqual to the excess of lieat re- 
quired by the pound of gas to heat it while expanding and doing work, beyond 
that which, w'ould be required to heat it from r, to r.,, when, the Yolamo re- 
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J is for tills purpose taken as equal to 772*8, and B is taken from the 
second colnmii of Tahie I. 

Columns 2 and d are calculated from 1 and 3 with J = 772*8. * 

The ratio is required in subsequent calculations, and is denoted by the 
symbol 7 . 

Table IT.— SpEomc Heats,' 



■T "" 

2 

3 

4 

.' . 5 ", ■ 


Kp 


Kif 


iq. 

Xaiuo of Gas. 

ill British 

Kp 

in British 

Ki, 

Ki, 


Thermal 

ia ibot-lhs. 

Thcitmal 

ill foot-ibs. 



Uaita. 


Units.. 



-Dry air . . ■ 

0*2375 

1S3-5 

0-1GS5 

130*2 

1*109 

Oxygen ' , 

,0*2175 

108*1 

0*1551 

■ 119*9 

1*402 

Mtrogen ■ . . . , , 

0*2138 

188*4 

0*1727 

133*5' 


Hydrogen . , , . , . , 

3*401) 

2035 

2-412 

180,5 

",1'*,4I3''' 

Oarbonio acid , . . ^ 

0*2103 

107*2 

0*1712 

132*3 

■.:1*204'- 

Carbonic oxide . . . * . 

0*2450 

189*3 

0*1720 

133*4 

1*419 

. Marsh gas ... . . ■ . , 

Products of comlaistion ofi 

0*5020 

458*2 

1 ■ 

0-4701 

303*3 

1*201 

gas and air, the relative! 
volumes before combo ytion!» 
being 1 : 8*18 ((irashof aiidj 
Biaby) ^ . . . . . .j 

1 

0*204 

i 

' 204*0 

0-19-2 

148*4 

. 1*375„ ' 



i Itaiikiue',s 

i . ■ ' 

Constants (fur dry air). 


B~53*I5 ■ ' 

IC,, 

i 10 

Ky 

K. 


J 772 ^ 

B. T. U. 

foot-lbs. .j B. T. IJ. 

feut-lb.>!. 

J ,: ^y' y 


0*238 

183*7 

0-100 

130*47 

j 1*408 


From Kp wo calculate the heat required to change the volume of 1 ili. of gay 
expanding as from Th to V^, in the diagram. 

From K» wo calculaiti the heat required to raise tlie pressure of a gas as from 
Vn to Pf in the diagram. 

The hc.'at required to produce both a cluingo of volume and a change of pres- 
sure depitftds upon the pariiculur mode in which the expansion or compression 
takes place ; in other words, upon the relatioii of F to Y during the operution. 
It may be ealculaied by tinding the external work done iuhI adding to that tlio 
rjiiantity Ky (t.^ -- Tj) where is the temperature at the beginning of tho 
operation and To the temperature at the end. 

o. Loic of Adkihatic Exjuinifioii or Compression, — lad the curve Cf) (Diagram, 
Fig, t>) be the line boumling oniinates wiiieh represent the pressure of a given 
mass of gas wdien expanding and doing work, but neither reeciving nor emitting 
heat. This curve is termcil adlahafie^ and expansion undiT these conditions is 
c.‘alk;d adiabatic expansion. The sumo curve will of course represent the law of 
compression by work done upon the gas, while it neither receives nor emits heat 
during the proee-ss. This will be termed adiabatic compression. 

Let P| and Y^ be a coincident pressure and volume, let P.^ and Y.^. be any 
other eoinci<lent pressure and volume resulting from adiabatic expansion ur com- 


^ For otliCT mixtures mo Appendix Y, forOrashofs formnl®. 








jgg JEHKIN ok CrAS- AKD CALORIO-EKGIKES. 

pression, then the law of adiabatic expansion or compression is expressed as 

follows : — 

30 , ^ F,v,7 

where the exponent 7 has the value given in Table H.: in other words PVV 

is constant. .. , , 

Let r = be tbe ratio of expansion, then the above law may be written 

40 . ' 

For dry air with Rankine^s constants this gives Pj = P 2 , 

This^ expression serves to calculate the ordinates ot the expansion or com- 
pression curves in the theoretical diagrams, where no means are supposed to be 
employed to heat or cool the gas during the process : hy taking successive values 
of r corresponding to successive values of any number of points 111 the curve 
are found. The indicated expansion curve in, actual gas-engines is found closely 
to resemble the adiabatic curve, although a large amount of heat is withdrawn 
during the process. This proves that combustion is continued throughout the 

stroke. 

0. Me.an •presmre cahulated from the Adiabatic Curve, — ^Let Pc a be the mean 

absolute pressure for that part of the curve which begins at 0 and ends at D, 

and lot r be tlio ratio of the final to the initial volume, i.e., let v = y“ ! then we 

have ■ ■ ■ , .. ; . . ■■■ 

^ Pc(l-rl-7) 

5». (r-T)T7'-i) 

For air with Ranldne’s constants this becomes 

^2-45lPc 7 1 \ 

r'e*! — ■ j 

Similarly wo may calculate P., d from the lower pressure Pd . We have 

Pd (rv - r) 

Or for air with Bankine’s constants 

( W»l'4:08 ^ m \ ■■ 

Expression 5^ is most convenient when we use the gas to do work by expanding ; 
expression 6 '^ is most convenient when we do w’ork upon the gas by compressing 
it. The total vrork done by or done upon 1 lb, of the gas is obviously 

(Y, ~Vc)Ped. 

Bui this expression takes no account of the back pressure, wliich in the theoretical 
gas-i'iigiae is at least that of the atmosphere ( 21 IG lbs. per square foot), or of 
the assistance which, on the other hand, the atmospheric pressure gives when 
we are compressing the gas. Thus 

(P.4 - 2116 ) (Yd - Yc)> 

where Ua is the actual useful work done per Ih. of air in a theoretical gas- 
engine (whose piston is exposed on the other side to the atmosphere) while ex- 




"-I 
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panding from Vc to V,/, or the actual useful work required in tke some engine to 
eompress it acliabatically from Yd to Y<. , the work, that is, corrospouding to 
C D E G. Obviously, V/ and V,,, or any other volumes, may bo siibstitf!ted for 
¥„andVa. 

7. Change of Temperatnre during adiahatk Expansion or Compremon, — If a 
gas while expamlmg is not allowed to do work its temperature will neither rise 
nor fall. Joule proved this by the following experiment; Two vessels A and B 
were consioetcd by a tu])e and stopcock ; air was forced into A until a pressure 
of say 20 atmospheres 'was reached ; a vacuum was formed in B. The whole 
apparatus was plunged into a vessel of water, and left there till the wholo was 
at a uniform temperature. The stopcock was then opened; the air rusliod from 
the one vessel to the other until at equal pressure in both vessels. No appre- 
ciable change of tem])erature occurred. But in this case the expanding air <lid 
no external work. The law of expansion was not that which wo have called 
adiabatic, om; condition of which was tliat the gas should do work, us by pressing 
forward a piston. Wlicn the expansion is adiabatic, tlxe temperature falls (linhig 
expansion and rises during compression. Let Tc bo the absolute temptmiture f>f 

pound of gas when its volume is Vr, and let rd bo the al)soluto temp(n*ature 
of a pound of the same gas wlien its volume is Yd after adiabatic expauHion. 
Thus — ' . ' ■ 





or for air with Hankiue’s constants, 



Wo may write tliis law of the (diange of temperaturo conveniently us follows : — 


0 ". 


log Td zz lug Tc — 0*108 log r, 


10^ log Tc = log Td + 0*108 log f, 

where expression 9'^ is that by which wo most conv(!niently calculato the fall 
of temperature due to expansion, and expression i0“ is that by which the rise 
of temperature due to compression is calculated. 

8. Law of Imthermal Expamion or Compremon, — Let the curve C D (Diagram 
Fig. 3) be the line bounding ordinates which represent the pressure of a given 
muss of a gas when expanding and doing work, and receiving from w ithout so 
much heat as maintains the temperature of the gas co^^tant. This curve is 
termed isotherinal, and expansion under these conditions is called isothermal 
expansion. The same curve will of course rt;prcsent the law of e nqu-ession by 
’Work done upon the gas, while lieafc is withdrawn from it at such a rate as ket'ps 
the mass at a constant temperature. Let the constant temperature be v, then 

F = (expression 1^^) gives the pressure corresponding to each volume rwcupied 

by a pound of the gas. The pressure is inversely proportional to the volume 
occupied by the given mass ^;Boyle*s law). This simws the isothernml curve to 
be a common hyperbola. Let as befoi’o Uerf be the total work done by a pound 
of tile gas when expanding from Y^. to Vj {the curve being now isoUiermal), and 
let II be the total heat (measured in foot-lbs.) supplied to the pound of gas to 
maintain its temperature coiuslant during the process. Then we have 




JENKIH ON OAS- AND CALOBIO-ENaiNES. 


That is to say, in order to prevent any change of temperature, "we must supply 
heat exactly equivalent to the work done. Similarly, when isothermal com- 
pressiofi is employed we have to ahstract heat equal in amount to the vrork 
done in compression if we desire to prevent any change of temperature. The 
amount of heat required is calculated by the following expression : — 

12". H = It T hyp log T ; or, using common logarithms, 

H= 2*S02GBTlogr, 

For air with Banldne’s constants this expression becomes 
H=:122'3STlogn 

It follows, from expressions 11* and 13*, that the mean pressure is given by the 
following expression : — 

2*3020 Bt log r 


It must be remembered that this ds the mean absolute pressure, and in cal- 
culating the useful work done hy an expanding gas, or the actual work requirwl 
to compress a gas, allowance must bo made for the atmospheric pressure, as 
explained above in the case of adiabatic expansion and compression. 

1). General remarl's , — The formulas given assume that real gaseous fluids 
conform to a certain ideal stale assumed as constituling a perfect gas. Probably 
no real gas behaves in this ideal nmuner, but tlio discrepancies between tlio 
ideal and the real gas with such volumes and temperatures as engineers usually 
employ are not of such magnitude as to be (»f practical importance. 

It is diflicult when running a gas-engine to ascertain precisely what mi.xture 
of gas and air is being employed. The air as it enters is heated, and we cannot 
tell how much. It would bo necessary in pre<'ise experiments to run the air 
througli a meter as well as the gas. 

Heating power of various samples of coal-gas : — 

Foot-lbs. por Foot-lbs 

Cbibic F<H>t. peril), 

-Alanchcstcr coal-gas .... f)05,000 35,117,000 

I.ondon coal-gas.'' 480,000 17,370,000 

Gas used hyGrashof .... 484,500 14,510,000 

11 oil 1 (406,000 18,500,000 

<>aansuUy,.laby . .... { 424,000 10,850,000 

Dowson gas (cubic foot at 0"^ 0.) . 125 , 000 U , 000 , 000 

In the Bavarian “ Industrie- und Gewerbe- Blatt ” for July 1876, there is an 
account of very carefully made experiments on explosive mixtures by Ih’ofessor 
A, Wagner. Using IMiiiiich coal-gas ho found tliat whether he employed a glowing 
platinum wire ox a spark from an induction coil he obtained no explosion with a 
mixture of four volumes of air ■with one of gas, but that both these lueans of 
lighting the mixture produced an explosion in a mixture of five volumes of air 
and one of gas. Similarly, both with the jdatinum wdre and electric spark ho 
obtained an explosion in a mixture of twelve volumes of air to one of gas, but no 
explosion in a mixture of thirteen volumes of air to one of gas. With another 
sample of gas he obtained explosions through wider limits, mixtures of four to 


' Dr, Slaby’s calculation, Appendix IV 
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one and fourteen to one both exploding, oi* rather bnming, for he notes that the 
mixtures near both superior asul mhn'ior limits of combustibility ]>urn with aweuk 
fiaiue. Even the mixture of one to cdoveu burns Avith only a moderate 
as ho calls it, and with no visible llame. There can bo no doubt that if "the 
mixtures were previously heated the limits set by Dr. Wagner would be con- 
siderably exceeded. 


APPENDIX 11. 


Examples of TiiEORETrcAL Ixdicatou Diagrams REPEimKD to 

IH THE LeuTUIIE. 

All these examples have been worked on the hypotlr sis that the eonetunts 
for the working fluid were tlie same as for air. Eankino's constants have been 
used (vide Table IL, Appendix I.), d’he differciice between the r(‘suliH obtained 
withtliese constants, ami the results obtained by using constants applying more 
accurately to the products of combustion, would not be of such nuignitude iis to 
alter any of the general coucluRions. The various steps in each ealcuhition are 
recorded in the Table of liesults, calculated for 1 lb, of air by the formulas givtm 
in the foregoing Appendix. 

Exmnph 1. CiujUnj Bnakeit Type.— Air at (;2*C® Fahrenheit, compressed to 
27 lbs. per square ineb above atmosj-.here. Temperature then raised at constant 
pressure to 1000° Falirouheit hy la‘at from the fuel The heatcKl air then 
expanded adiabatically to twice the previous volume, hvingiiig tlie final pressure 
nearly down to that of the atinosphcre. This example was chesfui hh being 
not <lissimilar from the conditions of the engines actually made (r/dc Fig. 2). 

Aj^uji?p/c 2. Coijh'i/ Ihiidu ft 'It/pc. — Air co]i:}pres.sed to lt)0 lbs. jK-r square 
inch above utm{>Hphere. Temperaturti tbeii raised at (smsiaut pressure to 1000'=* 
Fahrenheit by heat from tlie tucl. Air them expanded adiabatically to four 
times tlui previous volume, bringing the final pressure nearly down, to that of 
the atmosphore. Tin's example was chosen to show the increase of efficiency 
du(^ to larger initial compression. 

Example 8. Ortlhiarij Gan-En^uw {Olios or C/r'r7<:V).— Explosive mixture 
ctdmitted at atmospheric pressure, and at the temperature of G2*€^ Fahrenheit 
(17^ Centigrade); adiabatically compressed to 40 Ihs. above atmosphere, Heat 
then added at constant volume until temperature is raised to 2709^ Fahrcmheii 
(ir)37'' Centigrade), this being consideriid a limiting temperature by Mr. Clerk. 
Fluid then expanded adiabatically until its volume is twice that which it had 
at the beginning of the cycle. Thesci conditions give a diagram closely 
resembling that of actual gas-engines. The theoretical diiigram is like F N C 
D E (Fig. S). This diagram is sliown to scale in Fig. 13, where it Is marked A. 

Example 4. Gas-Enfjvie^ higher Co mpress/on.— .Explosive mixture admitted 
at atmospheric pn^ssnre, and at temperature 62 -G® Fahrenheit, then coiopressed 
adiabatically to 80 lbs. per square inch above atmosphere. Hc-at mlded by 
combustion to lluid at constant volume until temperature is rais(Tl to 27t)0® 
Fahrenheit. Fluid then exi»anded adiabatically until its volume is twice that 
which it hud at the beginning of the cycle. Theoretical diagram like F N 0 
D E, Tliis i'xampic was chosen to show the ejOTect of increasing thu initial com- 
pression beyond the pressm-e usually adopted. This diagram is shown to scale 
in Fig. 13, where it is marked B. 
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Theobetical efeiciejtoy of Kins Heat-Engines 


Cayley or Buckett. 


Maxiratim Pressure above Atmospbere in lbs. per sq. in. 

Nature of Compression . . . . 

Reference Number 


Adiabatic, 


Adiabatic. 


Volumes of 1 lb. of air in cubic 
feet 


Batio of expansion 


Batio of compression 


Intensity of pressure in pounds 
per s<j[uaro foot (absolute) 


Mean intensity of pressure during j jP <5 a 
expansion ; pounds per squared 
foot (absolute) j I Pi 

Moan intensity of pressure) jP/ 6 
during compression ; pounds ■ ] 
per square foot (absolute) .) jP/» 


Temperature in degrees Eabren- 
belt above absolute zero . , 


Work in foot-lbs, indicated by 
8('Ycral parts of the diagram 
(Fig. 3) for 11b. of air . 

Heat supplied in foot-lbs. * . 

Heat restored in foot-lbs. . . 

Heat withdraVfm in foot-lbs. .-j 


Useful work in foot-lbs. 
pound of air ... 

Theoretical efficiency B* . 
Refereno® number . . 
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with 1 lb. of Air as workisq pltiib. 


Oas-Engiae 

itii Compression. 

0a8-Eagine with Ilfgerierator and 
Compression. 

40 

Adiabatic. 

3f> 

80 

Adiabatic. 

40 

40 

Isotbenual. 

5'> 

80 

Isotbermal. 

, e«-. 

40 

Adiabatic. 

70 

40 

Isothermal. 

80 

80 

Isothermal. 

OG 

IIMT) 

13*15 

13*15 

13*15 

13*15 

13-15 

. lo * If.) . 


3*502 

■ 3*535 

2*042 

5-173 

3-535 

''■'':' '2*042:'' 





11*69 

10*07 

5-616 

20 -k 

20*30 

20*30 

26-30 

26-30 

26-30 

, 26*30 

5 ’084 

7-510 

7-440 

12*88 



■ ,' ;. 

•* 


.. 


2*250 

■2*012. ■ 

' : 

4*52 

2*543 

3*755 

3*720 

.. 

6-4‘U 

2*5-13 

■'..■3*72" 

6*44 

2J16 

2,110 

2,110 

2,110 

2,116 

2,116 

2,116 

7,870 

13,630 

7,876 

13,(530 

7,870 

7,876 

13,6:56 

33,405 

49,480 

49,020 

84,870 

.. 







14,820 

17,210 

, 29', 7510 ■■■ '■ 

.3,400 . 

2,907 

2,905 

2,322 

4 , 735-'» 

4-, 452 

■■■,.•3,559"" 

0,748 

10,445 

10,4,30 

11,280 

.. 


.... 

' »» 




8,18S 

S,-186 

9,531 ' 

■■ S,062,,''„ 

,,,',5, 002, 

3,804 

** 

4,008 1 

j 3,902 

3,801 

4,068 

523*8 

523*8 

523 ‘S 

523*8 1 

■ 523*8 'i 

523*8 

523*8 

, ,700-0: : 

./•■898*5„ 

, 523*8 

. 523*8 

1 760 '0 

523*8 

", 523*8 


3, 200 

3,'ko 

3*200 

[ .* * ■ \ 







' : :i *732': i 

■1*492-::1 

3*492 




*.' ■ 

■-3,200 i 

3,200 

3,^'2'0'0',' 

1,085"-, 

■,,1,439 ; 

3 ‘438 

1,149 

■: 2,342.' 

■-2,2054 ; 

1,761 

',"■■■ 14 ’000, 

■,':28 *400 

10’225 

28*347 

^ 1:4*690, ■ i 

. 10*225 ; ■! 

1 ' ■ 

r'"''28:,.'350':' 

101,200 

',189,900 

189,200 

222,000 

■ ,, ■ i 


.. 




, , 

120*^0. ! 

140,' ioO"' "j 

105,400 

325*300 

^,308,150 

357 ,'600 

357,000 

197,850 , 

.■230,,700' 1 

230,700 




■ ,.,.■ 

177,000 

'.177,600' "I 

■:,17'7,600'",..' 

179,400 

,''M7,300'„ 

147,200 

109,000 

87,610 ' 

69,500 i 

11,840 

0 

0 

30,570 

51,855 

0 

. ■ 30,570'. ■.] 

51,860 

140,600 

101,500 

173,000 

193,600 

111,600 

124,200 , 

167,000 

0*45 

0*52 

0*48 

0*54 

■ 0.-56V. ! 

■ ■ ^ 9^*54 "' ' 1 

0*72 

3« 

4’^ 

5« 

0« 



9'-* 
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JSmmple 5. (xas-Engim with isothermal Compression. — Explosive mixture 
a,dinitted at atmosplieric pressure, and at tempca’atnrG 62*6*^ Falirenlieit, then 
eompressed isothermally to 40 Ihs. per square inch above atmosphere.^ Heat 
added by combustion to fluid at constant volume until temperature is raised to 
2790'^ Fahrenheit, Fluid then expanded adiabatically until its volume is twice 
that which it had at the beginning of the cycle. Theoretical diagram like 
FN ODE, shown to scale in Fig. 14. This example was chosen to show the 
eflect of removing heat from the explosive mixture while it is being coinpressed. 

Example 6. Gas-Engme tvitli liigJier Isothermal Compression. — Explosive 
mixture admitted at atmospheric pressure, and at temperature 62 *6° Fahrenheit, 
then compressed isothermally to 80 lbs. per square inch above the atmosphere. 
Heat added by combustion to fluid at constant volume until temx)erature is raised 
to 2799'-^ Falirenheit. Fluid then expanded adiabatically until its volume is 
twice that which it had at the beginning of tlie cycle. Theoretical diagram like 
F N C D E, shown to scale in Fig, 14. This example was chosen to show the 


Ilrg&icralor 


.AdiaJbcdxR- compressiam 
.Isaiherniab do E 


Zc.0 

Example 7. Gas-Engine iinth Begenerator and Adkihalic Compression,— 'Eix- 
plosive mixture admitted at atmospheric pressure, and 62*6'^ Falirenheit, then 
adiabatically compressed to pressure of 40 lbs. per square inch above atmosphere, 
l^assed through a regenerator, from which it receives 177,600 foot-lbs. of lieat 
(per lb. of the mixtmn) while remaining at constant pressure. Then heated 
by combustion wdiile at constant voliimo, until temperature is raised to 2799^ 
Fahrenlieit. h’luid then expanded adiabatically until its volume is twice that 
\Yhich it had at the beginning of the cycle, then expelled through the re- 
generator, to which it gives 177,600 foot-lbs. of heat. Theoretical diagram like 
F N S Q B E, shown to scale in Fig. 20 where it is marked I. This example was 
chosen to show tho^eftect of regenerators thus placed. 

Example 8. Gas-Engine with Eegenerator and Isothermal Compression. — Ex- 
plosive mixture admitted at atmospheric pressure, and temperature 62 • 6° Fahr- 
enheit, isothermally compressed to a pressure of 40 lbs. per square inch above 
atmosphere. Passed through a regenerator, from which it receives 177,600 foot- 
lbs. heat per lb* while remaining at constant pressure. Then heated by com- 
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bustion while at constant vohime until temperature id raised to 2799^ Fahrenheit. 
Maid then expanded adiabatically until its volume is twice that which it had 
at the beginning of die cycle. Then expelled through the regenerator, to which 
it gives 177,600 foot-lbs. of heat. Theoretical diagram like F H S Q D E, shown 
to scale in Fig. 20 where it is marked J. This example was chosen to show the 
etfect of isotlierxnai compression when the regenerator is used. 

Example 9. Gas-'Engme with Eegeneratcr and higher Isothermal Compression 
— ^Explosive mixture admitted at atmospheric pressure, ami temperature 62*6® 
Fahrenheit. Isothermally compressed to a pressure of 80 lbs. per square inch 
above atmosphere. Passed through a regenerator, from which it receives 
177,600 foot-lbs. of heat per lb. while remaining at constant pressure, then heated 
by combustion while at constant volume, until temperature is raised to 2799® 
Fahrenheit. Fluid then expanded until its volume is twice that whicli it had 
at the beginning of the cycle, Tiien expelled through the regenerator, to winch 
it gives 177,600 foot-lbs. of heat. Theoretical diagram like F N S Q I) E, si¥)wii 
to scale in Fig. 20 where it is marked K. This example was chosen to show 
the effect of en:iploying high isothermal compression with a regenerator. 

General Remarks on the above Examples . — If the calculations were absolutely 
accurate, we ought to find the sum of and U equal to H. 'H 2 is the 

heat rejected in the discharged gases, and Hg is the heat withdrawn' during 
compression. The same limiting temperature was adopted for all the examples 
of explosive engines, because tlio maximum average temperature of the iluid 
after combustion seems nearly the same in actual engines by various makers. 
The high efficiency of Example 9 as compared with that of Examples 7 and B 
is due to the fact tliat the heat rejected in the products of combustion is com- 
paratively small. It would have been possible by trial to iind exactly the 
maximum quantity whicli on each hypothesis could be stored and restored so as 
to make Hg = 0. If this had been done, the etliciondes of 7, 8, mid 0 would all 
have been higher, but the efficiencies of 7 and 8 would have been increased 
much more than that of 9. This warning is given to guard against the sup- 
position that there is any marked superiority in isothermal compressiou. In 
working other theoretical examples with a regenerator, it must he remembered 
that the Iluid cannot bo raised by the regenerator above the temperature to 
w'hich it is reduced by expansion in tbe cylinder, in other words r$ must bo leas 
than ra‘ 


APPENDIX ni. 

Dusceiptiok of Engines befebbbb to in the Lectuee. 

1st. Oltd*s GaS'^Engine^ as made by Messrs. Grosshy. 

Fig. 4, Plate 2, shows a sectional plan of Otto’s engine, as matle by Slcssrs. 
Crossley Bros., of Mauchester. 

A is the gas-oylinder, in which a deep piston E works connected to a crank by 
a connecting-rod. The cylinder is open to the air at what I will call the iar 
end. A water-jacket, M, surrounds the cylinder, and water is contiiiuoUy 
supplied cohl to this jacket, and withdrawn warmed by heat which has passed 
through the metal walls of the cylinder. The heat thus withdrawn (nhmt 
ono-half of all that is produced) is absolutely wasted as regards the prwlnction. 
of work. This waste is necessfiry, in order to keep tlie temj>erature of the 
inner surface of the cylinder low enough to permit lubrication. An explo- 
sive mixture of gas and air is admitted by 0, being drawn in by E during 
, [the INST. C.K EEOT. VOL. IE] L 
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stroke one of eacli cycle (forward* ic., from the near to the far end of the 
cylinder). Bnring stroke two (backward) this fluid is compressed by the pisttm 
Jj; when stroke thrcti (forwanl) begins the mixture is fired and performs work. 
During stroke four (backward) the products of combustion are expelled by the 
cixliaust*pipo E ; the piston does not, however, go quite homo, so that those 
products arti not wholly expelled, and during the next stroke they are said to 
form a sort of cushion between tlio incoming explosive mixture and the piston, 
or these products of conilmstion may be used to mix with the incoming fluitl, 
and retard combustion. Alessrs. Crossley attach much importance to the action 
of tills residual charge of burnt gas and air. 

In the cycle of four strokes the first might be called the charging-stroke, the 
second the compression-stroke, the third the working-stroke, and the fourth the 
discharge-stroke. 

Tlie action of the valves can be best understood by reference to the six figures 
*21 to 2C. J is the cylinder face, through w'hich the port 0 leads into the 
cylinder ; is the passage through wliich air is drawn for the explosive mixture ; 
I is the slide-valve, in which passage K is formed to admit both gas and air; 
also the small port .0 by which the mixture is fired. The slide-valve works 
between the cylinder face and a fixed cover Ij. The gns is supplied through a 
passage G in this cover, which also contains a chimney or opening, H, inside 
which a small gas-jet, called the slide-light, is continually burning. H is open 
to the air above and below ; a groove g is scon dotted below H, This groove 
is formed in the cover, and is not open to H, but receives gas by an independent 
pipe ; it is open on the side next the slide, and is closed by the slide, except 
when the lighting poit I) comes opposite to it ; then D is supplied with gas by 
the groove g. 

There is another openiug « from the cylinder to the cylinder face, which I 
will call the equilibrium lighting port, and levcd with this ]K>rt iiiere is a 
passage d in the slide-valve, wliich k‘a<ls to the lighting port D by two lioles 
shown. The exhaust-valve is separately worked, and is not shown. 

Fig. 21 shows the slide-valve I travelling in tlie direction of the arrow* at the 
beginning of the charging-stroke of the piston ; air is coming from into K, 
where it mixes with gas coming from G. The mixture ig passing on through 
the other end of the passage K to the cylinder through 0 ; the ligliting port D 
is receiving gas frrmi tlio groove y, and this is burning in ooimeetion with tiio 
flame in the chimney IL As tlie charging-stroke proceeds, the slide-valve 
reaches the limiting position shown in Fig. 22 when the admission-valve m 
wide open. 

Fig. 23 shows the position of the slidc-valvo when the piston luis travelled 
about half way back during the second or compression-stroke. Tlio slide is 
moving in the direction of the arrow ; both air and gas are cut ofi' from tho 
passage li ; gas is still supplied to tlie lighting port D from the groove y, and 
this supply is still burning in connection with H. 

Fig. 24 shows the position of the slide when tho compression-stroke is nearly 
ended. The supply of gas to the lighting port D is just about to be cut ofl‘, 
and the lighting port D is just about to be placed in communication with the 
cylinder by the opening c ; tho two events will happen simultanemiBly, Tho 
lighted gas in B will receive an accession of explosive mixture from o, serving 
both i\) xnaintuin combustion and to bring the pressure in B up to that in 0 bofuro 
the position shown in Fig. is reached. In Fig. 2fi the slide-valve has advant‘etl 
a little further ; the working-stroke is just beginning. The lighting -part D is 
ill connection with 0 ; the explosive mixture, which has been supplied through 
ci, is BOW well lighted, and expands, shooting a tongue of fiame out tlirougli 0, 

h 2, 
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and firing the mixture in the cylinder for the working stroke. It will he seen 
that the exploding mixture is completely shut in by the valve. Mg. 26 shows 
the extreme position reached by the slide I during the workitig stroke. After 
this it returns to tho position shown in Fig, 21. During the return the cylinder 
is closed by the slide I ; the gas in D is extinct, or D is filled with products of 
combustion, which will gradually be expelled by incoming gas from p, as tho 
slide returns towards the first position. When these products are sufficiently 
expellcil, the new supply of gas to D will he lighted at H. It will be noted that 
the valve travels only once back and forth during the four strokes of the engine. 
The supply of gas to G is imder the control of ,a governor acting on a separate 
valve. 

Fifteen thousand Otto engines have been sold ; seven thousand of which have 
been made by Messrs. Orossley Bros., to whom the introduction of this engine 
in Great Britain is due. The practical and mercantile success of gas-engines 
may be said to have been established by the Otto engine. 

This success I believe to have been due to four features:—!. The initial 
compression. 2. The good lighting-gear above described. 3. Control over tlio 
rate of combustion, obtained by using the residual products of combustion as a 
diluent for part of the incoming charge. A strong mixture is ignited, and a 
weaker mixture burned for tho rest of tho stroke. 4. The simplicity of construc- 
tion obtained by using one cylinder and piston alternately as a pump and a motor. 

Full details are given of tho trial of a 4 HP. engine in Appendix IV. 

Messrs, Orossley Imve supplied tlie following additional information. Their 
latest type is what is termed a twin-engine, in which two precisely similar 
engines are coupled, so that the working-stroke of one corresponds with tho 
charging-stroke of tho other. Both connecting-rods work on one crank. Tho 
speed varies only from one hundred and fifty-five revolutions per minute to one 
hundred and sixty revolutions when running half loaded and (piite light. Oho 
of these engines, rated at 12 HP,, stands in a space 10 feet 3 inches by 4 feet 
8 inches, indicates 28 HP., and gives 23 HP. on the brake ; consumption, when 
running light, 100 cubic feet of Manchester gas ; at full load, 560 cubic feet, or 
about 20 cubic feet per HP. per hour. 

The following Table gives particulars for various sizes of the ordinary single 


Nominal 

Ilorso- 

puwvr. 

Approxi- 

mate 

Indicated 

Horse- 

power. 

Approximate 
Kcr. Weight 
of Engine. 

•■ ■■ ■ ■ 

Approximate 

Weight 

packed 

complete. 

Standard Sizes 
of Pulleys, 

i 

1*9 

Cwi. q. Ihs. 
12 0 0 

Cwt. q. lbs. 
16 0 0 

Diain. Wide. 
10 X 5 

1 

2‘7 

17 0 0 

21 0 0 

22 X 6 

2 

3-96 

26 0 0 

30 2 0 

17 X 6 

3| 

5-9 

32 2 0 

37 0 0 

20 X 7 

6 

11-57 

52 0 0 

60 0 0 

24 X 10 

8 

14-7 

54 2 0 

62 0 0 

27 X 12 

12 

24 

74 0 0 

84 0 0 

i 36 X 12 

16 

40 

131 0 0 

143 2 0 

54 X 18 


The speed of all sizes in one hundred and sixty revolutions per minute, except 
I HP* and J HP., which run at one Mmdred and eighty. 

2nd. Mr, Dugdd Olerh*B engine, as made by Messrs. Thomson, Sterne, and Co., 
iA llgi- § and 5 a, . ^ . 
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A represents the working cylinder, open at the far end, and Inwing a deep 
piston, C, connected to a crank by a connecting-rod as in ordinary trnnlc- 
ongines. Tiie cylinder is surrounded by the usual water-jacket K ; the explosive 
mixture is admitted by a sell^acting valve V from a displacement cylinder 11, in 
wbicli a second piston I) is wfjrked from tbo main driving- shaft The explosive 
mixture, entering at F, fills and passes through a conical clearanw^ space G, Ijefore 
reaching ilie working cylinder A. The exhaust or discharge openings are at F E 
round the cylinder at the far end, aud lead to a discharge-pipe Ki* There is Jio 
exhaust valve ; the exhaust openings are closed by the piston 0, wheti that is 
in the front or near part of the cylinder, and they are uncovered or opened by tlie 
piston when near the far end of its stroke. The explosive mixture is fired by a 
slide-valve with a lighting i)ort of the same general character as that already 
described for the Otto engine. A tiame burns continually in the chimney H ; a 
lighting port h receives an explosive mixture, which is lighted by H, blows a part 
of tlie fiame into the open air (unlike Otto^s here), and is then carried on to the 
opening/, through which it fi.re8 the mixture in G. There is a special adjust- 
ment by which the charge given to h is regulated. 

The slide-valve I has another port M for the main supply of gas derived from 
the pipe K. The port M allows the gas to pass through a pipe L into the 
chamber below the self-acting or spring- valve V, and over the similar valve W, 
separating the valve-chamber from a receptacle P into which air is drawn 
through the india-rubber liap-valve Q. Tin) valve-chamber between Y and W is 
in direct communication with the cylinder B. The proportion in which gas and 
air are mixed to form the eombustihlo mixture is regulated by the slide-valve I, 
w’hich cuts off the gas at a certain ixunt in the stroke. 

The engine acts as follows : — When the parts are in tlie position shown tho 
forward stroke has just been completed, and the exhaust E is opern. ; C is tdmost 
stationary or moving slowly back, driving out some of the products of combustion 
througli E ; the piston D, which has considerable lead relative to C, is moving 
quickly back, driving before it tlie explosive mixture whicli passes from B, 
through O between W and V, uj) through V into G, displacing the products of 
combustion formed during the preceding stroke, and expelling thos<3 through 
E E. This action coiitinties until just before tho piston 0 closes the exhaust. 
Tho whole of the burnt charge has been expelled and a portion of the newly 
introduced charge has begun to pass out through tho exhaust : in order that this 
may entail no wiiste, the charge previously drawn in by B towards the end of its 
forward stroke is pure air, gas being excluded by the slide-valve, consequently 
the first portion of each now charge delivered into the working cylinder is pure 
or nearly pure air, and this may be allowed to follow the products of combus- 
tion out by the exhaust with no loss of gas. The exhaust is now closed as piston 
0 advances on the return stroke ; the piston 1) begins its upward stroke and 
valve T is closed by its spring. The explosive mixture in A and G is compressed 
by C until it occupies only the conical part of tho chamber G ; meanwhile B has 
been drawing in air through valve Q, valve W, and pipe 0, This air has received 
gas from the port M, which has been mixed with tho air by tho baffle-plate at 
the entrance to B, Towards the end of the stroke of B, the slide-valve I cute off 
the supply of gas, so that air alone is admitted to 0, When 0 has passed the end 
of its back stroke, and begins to move forward, the slide-valve I fires the charge 
through/; the working stroke is then performed; the valve V is held closed by 
the pressure in 0 as well as by its spring. The forward stroke of piston D is 
completo'd, while the piston C is moving forward rapidly near the middle of its 
stroke ; shortly Ixdbro this the valve I has cut off the supply of gas by tho |>ort 
$Q Ibat tho last part of the charge drawn in by B was pure air; piston B now 
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■ c'OBiprcss the charge a little, but this does not open the valve Y, as the 

x?n the oilier side is much greater. Hear the end of the forward stroke of 
Qie 'WiuusYi^ uncovered; the exhaust j:>rodiicts begin to How out, the valve 
Y opens, substitution of a fresh charge for the old burnt charge begins. 

About SOO.df iliese engines have been made by Messrs. Thomson, Sterne and Co. 
They share wlt|i^tl^ Otto engine the merit of initial compression and a good 
file ra^tja of combustion admits of being controlled by the novel and 
ingemous'hieihfil^ of admission and discharge, which allows a rich mixture to bo 
supplied for llrjiighear one end of the cylinder and a poor mixture for gradual 
cHimbustiou Other. There are more parts than in the single Otto engine ; 
but there ia:one,, working stroke in two instead of one in four. 

Mrjp\igiil&6lQxk has supplied the following pj-irticulars of the performance of 
lEgi||0**riited at Q HF. Biam, of piston, 7 inches ; stroke, 12 inches. Speed 
of engine, one hundred and sixty revolutions pta* miniiic ; available average 
pressure, f)5 * 8 lbs. per square inch; indicated horse-power, 9*7(i ; brake horse- 
power, 7*7 ; mjfximnm pressure, 206 lbs. per square inch ; jiressure of compression, 
€i lbs. ; eonsnm})tioxji of gas perl.HF. per hour, 2(1*6 cubic feet ; consumption of 
gas per brake HF. per liour, 26*3 cubic feet. The resistance of the gases iu 
the (lisplacemmit cylinder gives rise to an in<licator diagram corresponding to 
about 0*56 HF„ so that the friction of the meclianicui jiurts is about 1*5 HIT 
With a 12-111-5 engine the consumption per I.IIF. was 17 cubic feet j>er hoiiiv 
and per brake HP-, 24*12 cubic feet. 

The following experiment (2Dth August, 1883), with an 8-HF. engine, may ho 
compared with that made by Dr. Siaby on an Otto engine. A measured amount 
of water was run through the jacket, the temperature of the water observed by 
thermometerB at the inlet and outlet. Tiie engine was allowed to run fur some 
time with a full load ; speed, brake power, indicated j)ower, and gas supplied \vero 
mwttured at intervals. When the' temperatures of the tliormoineters were steady 
Mr. Olerk found that 972 lbs. of water were passed through per hour with an 
average rise of temperature of 67® Centigrade, This loss of heat did not include 
that fnm the frame, which was considerable, as the temperature of the upper 
part was 84®. 330 cubic feet of gas "were used' per hour, and the average indieai (m. 1 
power was ■|7*7. Taking 505,000 foot-lbs. as tin* In -uting value of Ctiasgow coal- 
gas, tim ioud heat given to the engine was 166,(550,000 foot-lbs. ; the Imat 
carried away by the water was 00,522,360 foot-lbs., or 54 per cent, of tin) windo 
h€*at suppliijil by the gas, 

3rtl. The engine (Fig. 1, Plate 2) has been very fully described in the 

lM)dy of the lecture. The sizes made up to the present date range from J to 12 
horse-power. Thirty or forty engines have- been Bupplitil to the public. The 
4liita and diagram given (Fig. 2, p. 5), were takim from a 12 nominal HP. double- 
cylinder vortical engine; 41 *24 gross HF. were indicated in the working cylinder; 
21*04 1115 were indicated iu the pumps ; leaving 20*2 HP. as the net result troni 
the two cylinders; 14*30 HF. was done on tiie brake, giving a meelnuiical ofH- 
eieney of 0*71. Air was drawn from the stokehole at nearly 100® Fahrenheit ; 
the products of <‘ombnstiou wore admitted to the cylinder at from 1400® to DOiP 
Fahrenheit. The temperature of the discharged gases varied from 500® to 900®. 
These temperatures were determined by Mr. Charles Ingrey, of the Caloric 
Fngm© Company. Diameter of working cylinders, 24 inches ; diameter of pumpn, 
18 inches ; stroke of working piston and pumps, 16 inches; speed, 61 revolutions 
per minute weight, 6 tons 6 cwt. ; base-plate, 6 feet 3| inches X 5 feet 4i inches ; 
height, 8 feet S inches ; whlth ''and length of whole engine, 7 feet 4 inches x 7 
feel' Stoking required at intervals of about 20 minutes-— fuel, gas coke— 11 to 
12 ll». ia each charge. The consumption of coke was 1 * 8 lb, per hour per I.HP* 
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and 2*5.1: lbs. per liour per brake HP; mean pi'essnre on pistfsns, 18*5 Ibrf. iht 
s^iuare incli ; mean pressure in pninps, IG*78 lbs. per S(pmro inch. Ikiee £^>20. 

A one-horso engine weighs 1 ton 1 cwt,, is contained in a space •! fed 5 inebes 
X feet X 8 feet S inches, and costs £110. 

4tli. Messrs. A. E. and H. Kobinson’s hot-air engine is shown in Fig. lib 
Plate?, 2, as made by Fratik Fearn and Co., of Manchester. It is a true Btirling 
engine, having the working piston 0 attached by one connecting-rod D to ono 
crank E on tiie working shaft, while tho regenerator F is attached by a rod 
working throngh G to a second connecting-rod, and a second craid< at right 
angles to the first. The upper part of tin? cylinder is cooled by a water-jacket 
Ag, but tlie lower portion of the cylinder is lined by non-conducting imiterial 
at A3. The cylinder is closed at the bottom by a dome-shaped phite B, and at 
the top by the piston G. Heat is supplied by a Bunsen burner at H, and tho 
products of combustion are deflected by a bathe-plate leading into tlie chimney 
G. This chimney has a casing Gj, through which the air fox combuhiion is 
drawn into the space Gg to supply the burner, A tap and governor permit some 
regulation of the internal pressure, but there is no compressing juimp to supjdy 
leakage, so that the maximum intornul pressure can never be iargt?, which is a 
disadvantage. 

The engine acts as follows : — ^^Vheu the regenerator P, which is also a dis- 
placer, is at tlie bottom of tho stroke, tho mass of air is contained in tho 
chamber between G and F, and in the clearance of the wire-gauze regenerator. 
The bulk of tho air has therefore been cooled by passing up through tho 
regenerator, and is, moreover, losing heat to the water-jacket. The air con- 
sequently contracts, and the piston G descends ; as it nears the bottom of its 
stroke the regenerator begins to rise, and when 0 reaches tin? l>ottoin the 
regenerator rises fast. Tlie air, passing through the wire-gauze, regains the 
heat it had previously lost, and expands, begiimirig to raise the piston G. As 
the regenerator rises still further, the biillf of the air passes into tho spuco 
Between F and the dome-plate B, from which it receives heat, causing it to exptiinl 
still further. The. riigonerator F remains near tho top po.siti(>n until G bus 
completed the greater part of its strolas when it begins to descend. In fact, tho 
working depends on the alternate heating and cooling of one and the same mass 
of air. This heating and cooling is in the main effocted by tho regenerator, hut 
at each stroke some heat is supplied by the fire, and some taken away by 
the refrigerator. Heat is therefore supplied only wdien the tlnid is at the 
highest temperature, and withdrawn ojily when tho fluid is at the kiwest 
temperatoo. This being the condition required for a i>erfect heat-engine, the 
whole action of the engine would be rtiversible if the sides of the chamh(,‘r were 
non-conducting and if the regenerator acted perfectly, but a certain leakage of 
lieat up the regenerator must always occur with such engines. It should bo 
noted that the working piston is cool. 

Messrs. Bobinson supply engines according to the following Table :•— * 


I 

Power. 

Price, 

,Revo--. : 
latlotts per 
■ Minute. 

Diameter 
■ .■ 

Pulleys. 

■ Approx!-' 
mateCwt 
ofilas .'/■ 
Per Hour. 

Diameter 
, of 

1 Piste© . 

Stroke. 


£. 


Inches., 

d. 

inches. 

inches. 

One-man .... 

25 

270 

5 ' 

i 

6 

5 

One-and-a-lmlf-man . 

30 

270 

7 

* i 

.. 


Two-man .... 

35 

270 

^ ' 1 

i 

8 

5 
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They take 4,000 foot-lbs. per hour as the rate of work which they call one- 
mati power. 

Bfessrs, W. H. Bailey and Go., Salford, Manchester, make a hot-air engine, 
of which one type is shown in l^ig. 17, Piute 2. It consists of a cylinder D, closed 
at one end by *a steel pot G*, and at the other by a piston H, attached to the crank- 
bhaft l>y a series of levers. A separate crank, at right angles to the main crank, 
works the displacer E by a piston-rod passing through tlie front or working 
piston. The furnace is at Kj, and delivers the products of combustion, as shown 
by the arrows, into the space K 2 , round the steed pot, and out by K 3 . Heat, there- 
fore, is supplied to the air when in the space B, between the displacer E and the 
})ot 0. There is a water-jacket round the other end of D, by which heat is with- 
<lrawnfroin the air vrhen in the space 0. The working air passes backwards and 
forwards between 0 and B, througli the narrow passage left between D and E. 
*I 1 ie metal walls of this passage play the part of a regenerator, serving to cool 
air when it is passing from B to C, and to restore iieat to it %vhen passing from 
G to B. Tiiis engine is therefore a true Stirling engine, working without valves 
or exhaust, and, like Rolhnson's, with no compressing pump to enable it to 
work at high pressure. The description given of the action of Eobiuson^s applies 
(exactly to Bailey's engine, which is, however, made of larger sizes, and is 
adapted for heavier work. These engines have a small valve, by which air is 


Era. 27.^ 




.Afmosp7i£rie 




Ba-Iley Engine. 


iniroduced whenever the internal pressure falls below that of the atmosphere. The 
indit*jitor-diagraTii is shown in Eig. 27. This diagram was taken from an engine 
nominally of 1 HP., having a piston witJi 6 | in. stroke, and 14| in, diameter. 
The diagram is one of a set, the average of which gives 2*37 HP. at a speed of 
oncvluaidred and six revolutions per minute. The estimated temperature was 
Ceniigrude at the atmospheric pressure, and 823® Centigrade at the highest 
pressure. The brake-power of this engine was 1*31, giving a mechanical 
efficicney of 0'55. The highest pressure was nearly 14*7 ibs. per square inch 
above the atmosphere. Tbe consumption of coal is said to be under 10 ibs. of 
common coal per hour, and the quantity of cooling water 30 gallons per hour. 
The makers claim that, in comparison with gas- or steam-engines, less expense is 
incurred in oil and attendance ; also that the engine lasts a longer time. They 
refer for the theory of these engines, of which they make more than one type, 
to a Paper by Dr. Slaby in the“Verhandlnngen des Vereiiis zur Befbrderung des 
Gowerbileisses,” December 1878, and to a Paper by Gustav Schmidt in ‘‘ Dingler's 
Polytechniehca Journal,’* vol. elx., part C, 1801. Messrs. Bailey deserve credit for 
introducing this type of engine to the English market, but it is to be regretted 
that they should call the engines by the names of the foreign designers, Lehmann 
mid L&ubereau, rather than by the name of Stirling, which should be used for all 
thews ecghies, Heither .Lehmuom nor Laubereau have introduced features which 
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Stirling did not d(?scri.be. On the contrary, the omission of a clisimct regenerator 
is a delect wliieli Alcssrs. Bailey would do well to remedy. Btirliijg made 
larger engines, aii<l oldained a luglier HB, per lb. of coal than Messrs. Bailey tduim. 
Tliesc rwnarks are not intended to throw discredit on the foreign inventors, or on 
Messrs. Bailey. On the contrary, they are intended to show that there Is room 
for practical improvement, and they are prompted by tlie conviction that it would 
be possible, by increasing the heating-surface and raising the pressure inside the 
cylinders, to reduce the consumption of coal below that of first-elnsH steam- 
engines. The theory of the engine is sufficiently explained in Bankine’s Treatise 
on the Steam-engine. ' 

Tho second type of Bailey’s hot-air engine is almost identical with the 
woo(l(*ut ill Eardvine’s book, witli the omission of the regene;raior-“a decidedly 
retrograde step. 

The following Table gives the sizes of engine made by Messrs. Bailey 


Horse power .... 

itoj 

itof 

J to 1 

1 to IJ 

lito2 

2to2J 

3to3J 

Brice of engine, iiicludingl 
governors . . , . i / 

£. 

35 

£. 

40 

60 

£. 

75 

100 

£, 

125 

£. 

150 

Packing 

30/ 

35/ 

45/ 

53/ 

70/ 

90/ 

150/ 

Bevoiutions per raiimte . 

■ 120 

100 

100 

100 

‘ 90 

90 

' 81) 


1 Inch. 

Inch. 

Inch. 

1 Inch. 

; Inch. 

Inch. 

Inch. 

Diameter of pulley . , 

1 0 

12 

16 

18 

; 21 

24 

30 

Weight with stove fittingad 
approximate . . - •/ 

Cwt. 

9 

Cwt. 

12 

Cwt. 

17 

Cwt. 

20 

Cwt. 

32 

Cwt, 

50 

Cwt, 

m 


Ft. In. 

Ft. In. 

Ft. In. 

Ft. In. 

Ft. In. 

Ft. in 

Ft,. :hi. 

Length of ongino . . . 

6 B) 1 

8 0 

9 0 

0 0 

11 6 

12 9 

1,5 6 

Breadth of engine , . , 

2 0 

3 6 

3 8 

3 8 

3 11 

4 4 

4 8 

Height of engine . . . 

3 4 

4 0 

4 6 

4 10 

5 0 

5 B 

5 9 


This typo of engine is largely employed in Gernmny. 

0th. Ilidef s hot-air engine, an American design, introduced into this country 
by Messrs. Hayward and Tyler, has many points of similarity with the Btirliiig 
engine, hut is not identical with it* This engine, shown in Fig, 18, Plato 2, 
consists of two cylinders, A and B, both open at;' the top, and eontaiaing two 
pumps, 0 and D, connected by cranlvs nearly at right angles, as in the Stirling 
engine. The hre acts against tlie bottom of the cylinder B ; a cooling water- 
jacket B surrounds cylinder A. The, two cylinders are joined by a passage H, 
containing a regenerator. In the position shown 0 is at the bottom, and I) is 
about one-third of tiio way along its stroke ; the mass of working air^ which is not 
changed, is compressed, and is almost 'all in the hot 'chamber above P recaivirig 
heat. It eonseciuently expands, and lifts the plunger B* The plunger 0 begins 
to rise slowly at the same time, assisted by the pressure beneath it. When the 
plunger D has reached tho top of its stroke, the plunger C is more than half way 
up, and tho air is thus rushing ntpidly from the cylinder B through tho regene- 
rator into E ; it is being cooled first by-the regenerator, where lieafe is stored, and 
then by tho w^ater-jackek where heat is finally withdrawn. The plunger B now 
descends, completing the transfer of the ait: tO; the eold cylinder A through the 







TOgenerator. The pressure falls during tiie downward stroke of D, in conse- 
qmiiice of the cooling of tlie m. When D is about one-tliird down, 0 begins 
to descend, and tlio air is thus compressed while chiefly in the cold cylinder. 
While being compressed it is at its lowest temperature, and is being cooled. The 
air is next transferred from the cold cylinder to tho hot one by the last part^ of 
tlio downward stroke of O, and the first part of the iipward stroke of D. The 
bulk is little changed during this period, but the pressure rises considerably. 
The following is tho cycle of changes which occur to the mass of working 
■■air,:'— ^ • 

1. A small bulk of ^old air has heat restored to it by the regenerator, the 
pressure rises during this process ; the back pressure on 0 counterbalances the 
forward pressure on D. This is a period of displacement. 

2. The siiiall bulk .of air receives a fresh supply of heat at the highest 
temperature, expands doing useful work by pressure on D, and subsequently 
on 0 to a less extent. 

3. A largo bulk of air is transferred from B to A, and its heat taken away 
from it, being stored in the regenerator. The pressure falls. The forward 
pressure on C during the last half of its upward stroke counterbalances the back 
pressure on D. This is a period of displacement. 

4. Tho largo bulk of cold air is compressed into small space by 0. The back 
pressure against C is not counterbalanced by the forward pressure on D. Hence 
during this period work is required from the lly wheel to compress the air, but at 
tlio same time heat is withdrawn while the fiuni is at the lowest temperature ; 
and the work rc'quired to compress the fluid while cold and losing heat, in the 
fourth period, is considerably loss than the wrnrk given out by the fluid while 
expanding when hot and receiving heat in the second period. 

Thc 5 working power of the engine is the difierence between the work done in 
tlie s<?cond period and that required in the fourth. The cycle of changes 
descriljod is not quite, identical with the Stirling cycle. In the Stirling engine 
the compression is wholly effected by the working piston ; the second jAunger is 
a mere displacer, which never exerts any back pressure. Tho pure Stirling typo 
semiiH to me superior in every respect to this variety. Tho working piston in 
the HidcT engine is hot, in.stead of cold, as in Stirling’s make, and the indirect 
action of conqirossion though tho crank-shaft of Eider’s introduces extra strains, 
requiring heavier parts, and causing more friction than Stirling’s design. The 
engines made by Messrs. Hayward and Tyler are rated as- J, and 1 HP., and are 
chiefly used for domestic water-supply. They run at a spued of from one hundred 
to one hundred and forty revolutions per minute, and a pressure-gauge on them 
registers 20 lbs. us a maximum pressure above the atmosphere. 

Tho I HP. engine has plungers 10 inches in diameter, and a stroke of 
IS inches. It stands on a floor-space 4 feet 4 inches by 2 feet 8 inches, and tho 
height to the top of the flywheel is 7 feet 0 inches. The weight of the engine 
and flywheel in 28 cwt. 2 qrs. 34 lbs. It is claimed that this engine will punq> 
1,200 giilloTis per hour SO feet high for 9 lbs. of coke. This is equivalent 
to about I Useful HP., or about 18 lbs. of coke per HP. per hour. 

The i HP. engine does an efiective work in pumping of about 0*1 HP., and 
the eonaumptiou of coke is about 25 lbs. per efiective HP. 

These consumptions of coke may seem largo per HP., but considering the 
of the engine, they arc really very moderate. The price of the 1 HP. engine 
is £86, and that of the f HP. £41, 

In conclusion, it is much to be regretted that English makers should import 
imperfect foreign types of hot-air engines, when a much better description of 
engine has bean made by our own countryman, and very carefully described in 
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liis patents. It is probable tbut for small sizes lus compressing pimip miglit be 
omitted, in order to simplify the construction. If this were done, mid ijis diTerv 
tions followed, a better hot-air engine would be produced than is now in the 
market. A little trouble would be reipiired to fix exactly the best proportions 
of the air-spaces and the best size of regenerator; but if the inferior types find a 
sale, it would surely pay any maker to incur the small necessary outlay, under 
the advice of some engineer who lias made a study of caloric-engines. 


APPENDIX IV. 

OoMPAursoN OP THE Lenohi AND Otto Gas Motobs, BY I)u. A. Blaby. 

The folb)wing report w'as written l>y Dr. A. Blaby, Professor m the Royal 
Teclinical High Bcliool, Berlin, with the object of Buslaimiig Otto’s patent in 
the trial Otto t\ Linford. It was forwarded to Professor Jenkiu by .M‘<‘Hsrs. 
Crussley, and is published with their consent. A few passages, referring ratlier 
to the legal tlian to the scientific aspect of the question, have been omitted. 
The iiccuimt of the expcnlinents is remarkably complete, and the only part of 
the analysis of the perfonnance which seems open to qu(.* 8 tiori is the ealeulation 
of the constant tiio value of which is determined on the assumption that in 
oacli change of pressure and volume pv'‘* will be constant. This aasumption can- 
not be granted as even approximately true for those parts of the cycle where 
combustion is taking place. Alter referring to an experiment on LcuoiPs engint? 
made by Tn^sca, ami jnibliahcd in the ^"Aiuiales du Conservatoire,’^ vnl. i., 
p. 849, Dr. Sliiby continues : — 

In both engines a mixture of air and inllanmiable gas is fir(;d in a cylindm* 
producing explosion and subsequent expauBiuii. The expansion curve produced 
in either case is of the greatest consequence. It is well known that (xi»aiision 
curves, that is to say, curves having their abscissa^ representing volumes and 
their ordinates representing pressiures, can be approximated to by curves of hyper- 
bolic character, having the co-ordinate axes asymptotes to them, (i!en<.*raj]y 
these curv(,‘S can be referred to equations of the form =r. constant, in which p 
and 'V are the variable pressure and volume, and in is a constant which is different 
for each different curve. As to the jiossiblo curves resulting from variation of 
two cases are especially to be roinarked. 

L When m = l,the equation pc = constant is that of a rectangular hypt ;rbola, 
the isothermic curve of expansion according to Boyle’s law. According to 
this curve a gas expands under constant temperature. As such expansion pro- 
duces work, and as, according to the law of thermodynamics, work can only be 
obtained at the cost of heat, it is necessary, in order to have an expansion of 
this kind, to supply the gas with continual additions of heat during its expan- 
sion. This heat is immediately and completely converted into mechauicukwork, 
the expanding gas losing no pari of its original heat. 

2, A second ease of expansion curve worthy of remark is that in which t he 
ratio of specific heat under constant pressuro to that under constant volmin> 
(a ratio usually^ iudicateil by the symbol k) is taken into account. The valuta of 
this ratio for air and for the gases dealt with can be ascertained. 


* Dr. Blaby’s notation is retained throughout this Appendix. The syniboi /; 
corresponds to 7 in Appendix I. 
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’I'lie expansion curve liaving tlie equation = constant is called, as proposed 
by Eanliine, “ adiabatic/’ representing expansion of a gas when beat is neither 
supplied to it nor abstracted from it by extraneous bodies. 

As in this case tlie performance of work by expansion must be accompanied by 
expenditure of beat, this heat can only be derived from the expanding gas itself, 
and consequently its temperature is reduced as it expands. 

In the annexed diagram (S'ig. 28), the adiabatic curve B has the same character 
as the isothermic curve A, but its ordinates decrease more rapidly. 

From a given starting-point P both curves can be drawn, the constant h being 
known. 

All expansion curves drawn through P, when m < 1, lie above A. They 
would represent expansions under continual supply of heat to make up for the 
expenditure in the shape of mechanical work, and to raise the temperature ot 
the expanding fluid. It is a peculiarity of such curves that the heat supplied 
must exceed that which is due to the work performed, so that the temperature 
of the fluid is continuously elevated. 


All expansion curves where m >• 7t; lie under B. They represent expansions 
under c<mthiual abstraction of heat by contact of the expanding fluid with colder 
bodies. In such a case, as part of the heat goes to performance of work and 
j)art is abstracted, the tempeKiture of the fluid falls more rapidly than in 
adiabatic expansion. 

Between the two curves A and B obviously lie those for which m > 1 and << h. 
For tliese there is necessarily a supply of heat, tboiigh not so much as is 
equivalent to the w^k performed by expansion. This work is therefore due 
partly lu heat given out by tlie fluid itself, partly to that extraneously supplied. 
The more nearly the curve approaches A, the greater is the heat supply ; the 
more nearly it approaches B the less is the heat supply. 

hho ‘^9* Turning now to Lenoir’s engine, we can, on the prin- 

ciples stated, determine the action of the heat w'hen w^e 
. know the nature of the expansion-curve. The general 

\ arrangement of the engine is as follows : — While the 

piston performs the iirst half of its stroke, a mixture of 

air and gas is drawn into the cylinder through openings 

governed by a slide, and at the middle of the stroke the 
■Vg Vi Jidxture is exploded. The diagram, therefore, shows in 
its flrst half a parallel line at atmospheric pressure, and 
when the volurao is as indicated at at which point the ignition takes place, 
the pressure ordinate rises suddenly to its maximum. As the piston continues its 
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stroke to tiie end, tlie prodnetaof the explosion expand in their proper ciirTc, and 
during the retiiinr stroke they are discharged at atmospheric pressure. The 
shaded portion of tlio diagram, therefore, represents the indicated work. * 

The nature of the exptinsiori-curve is of great interest Tresca, on p. StJ2 of 
his Paper, gives a diagram taken from a Lenoir engine. An exact copy is shown 
by the dotted lino on the annexed Fig. 30. Eliminating the osciilations of the 
indicator spring, by drawing the full line, and determining the co-ordinate axes 
with an allowance for clearariee spaces of 10 per cent, of the whole capacity of 
the cylinder, we get a diagram the curve of which has the e(|Uution 
constant 

As tlio value of hfov expanding gases is 1*38, it follows that in this case, 
where m ~ 2, the expansion-curve must lie below the curve B previously dis- 
cussoil, consequently there must be during the expansion an abstraction of heat 
by the water-casing of the cylinder. 


Fig. 30. 



According to Trosca’s stataneut, tiie heat abstracted l>y the cooling water 
amounts to 6*6 per cent, of the total produced by the camlMistion of tlm gas, 
whilst only 4 per cent, is converted into useful w'ork, the remaining 30 per omi. 
being partly absorbed by the discharged products of combustion, ami partly lost 
ill shocks and friction. This h:jss of more than 30 p(.*r cent, of the lujat of 
expatssion shows clearly the principal defect of the engine. By the sudden 
combustion of the gaseous mixture an extremely high temperature is pro<luced, 
and a blow, which owing io the mpid fall of temperature quickly passes, is 
given, destructive of the working jjarts of the engine. 

Tho unsatisfactory result of the Lenoir engine led to many efforts t«> improva 
tlio working of gas engines. The chief defect lay in the use of a too strongly 
explosive mixture. 

After Tresoa^s experiments Lenoir employed a homogeneous inixture oemsiBiing 
of 12*6 volumes of air to 1 of gas. Greater dilution of the gas was trietl, hut 
failed for a simple reason, Ortiinary illuminating gas requires for its cr>mplele 
combuHtion 6*3 volumes of air to 1 volume of gas. By very careful oxjK^riments 
'Wagner found (see Bayr. Gewa?rbeblatt, 1876, p. 184) that certain ignitinii by 
red-hot platinum, or ]>y an oloetric spark, begins at a proportiim of mixtiinj 
1 to 5, but w’hen tlio proportion attains 1 to 13 it entirdy ceases to he |ios.si!dc. 
Lenoir by employing the proportion 1 to 12*6 approached closely tin,; limits of 
corubusti}>llity, and consequently tho way to eraidoy a more dilute uniform 
mixture was completely closed against liim. It was not possiWe io work tho 
engine with a gas supply less than 2*7 cubic metres per horse-power per hour 
continuously. , . ; ' 
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m -roaier success attended tlie efforts of those who between 1861 and 1876 
ondeawrred to improve the gas-engine. Dmng this perrod more han one 
huudroii patents for gas-engines were taken m America, England, h lance and 
Gt rmaiiv. In most of these engines the consumption ot gas exceeded that in 
Lenoir’s One ot those engines (Weyhe’s) was found on trial to consume 8 to 4 
cubic metres, and another (Bissehop’s) 5 to 0 cubic metres per horse-poww per 
hour. Thtis the Lenoir engine proved to be the behstof those engines that woi ""ed 
with a homogeneons mixture of gas and air. 

This was the position of the gas-motor engine in 1876. . ^ 

The essenoe of Otto’s Invention consists in a definite arrangement of the 
explosive gaseous mixture, in conjunction with inert gas, so as to suppress 

explosion [and nevertheless ensure ignition]. 

At the touch-hole, where the igniting flame is applied, lies a strong combustible 
mixture which ignites with certainty. The flame of this strong entra 

the cvlindcr like a shot, and during the advance of the piston it elfects the 
comlmstion of the farther layers of dispersed gaseous mixture, whilst the shock 
is deadened by the cushion of inert gases interposed between the combustible 

charge and the piston, .l 

The complete action takes place in a cycle of four piston strokes.^ The first 
serves for drawing in the gases in their proper arrangement and mixture; the 


second compresses the charge ; during the third the gases are ignited and 
exptiml ; and, ilnally. by the fourth the products of combustion are expelled. 
I’ho essential part of the working is performed ]>y the first of these strokes, by 
which the charge is drawn in and arranged, first air, then dilute combustible 
mixture, and finally strong combustible mixture. 

This aiTangemenfc is obtained by the w'orking of the admission slide. More- 
over, after discharge of the products of combustion, a portion remains in the 
clearance space of the cylinder, and this constitutes the inert layer next the 
piston. By this peculiar arrangement of the gases, the ignition and combustion 
above described are rendered possible, whilst the products of previous combustion 
form a cushion, saving the piston from the shock of the explosion of the strongly 
combustible mixture at the farther end of the cylinder. 

In the expansion diagram (B^ig. 31) the charging stroke is indicated by the 
dotted parallel line at atmospheric pressure. The compression effected by the 
return stroke is indicated by the curve TTf,. The sudden expansion resulting 
from the explosion of the strong gaseous mixture is shown by the steeply rising 
line Tp and tlie expansion during the rest of the stroke by the curve Tj fib. 
The discharge valve opening a little before the end of tlie stroke, the line 
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deseends more rapully from T,. to T. Darina' tliA ,*. i. u t , 

pc^'^o ^ dotted Uno at 

B.ndlj it may beBtated that a certain quantity of fluid comnressod from T fo 
To IS, by a largo addition of increased to the pressure T wliilo i-ho 
already pm-forms a |)ortion of its stroke; with further addition ^ r f V i 
iIuid, tM3 expands to T. until, by a suWen wSw^ 
condition of tilings is restored. * ^ .>n^nul 

Tim cMof distinction between this and Lenoir’s action can be ascertained bv 
considering the nature of the expansion curve T, To. At the i w ^ 

It 1.. IW ..1, . p>» rf ,1. g.»«,.'„r;taSrk“t 

■mg m successive portions. If this be so then fhn « ! , , ^ 

marked .litForeneo from that of Ia:noir’s ’engine. An^nveati-m^ou oni, ! “ 

shows tliis in the following most striking way. In the 'Cimeudiv 7' ” 

It .s found to bo m = 1-37. consequently the equation is />«■•« " .on.mir 
brom spoeml investigafao.i,rt is found that the constant h for tlm gases enultll 

Si'cltoi vs-;, ?; I’S !■““» >" J™! 

Senee the Expansioii Carer- rMinoides leith the Adldhntie.—BnAi a condition -is 
almve explained, is only pos^ilde when tho working fluid is continuoiwly in com 
tact with a body [wbicii noitlicr gives nor takes heat], 'rids is not actimllv fl.c 
case, for the working fluid, whoso temperature during ospunsion is vc? hi ^ 
18 m contact with tlm water-coolcl cylinder, which necessarily, during thciS 
period of e.xpan.sion, abstracts heat, so that, no sonreo oflieut beingpresent t • 
curve must depart trom the adiabatic, having a higher value for m. and c.m - 
quently approaching more rapidly tho axis of aiiseias®. As this is not tlm C 
there is only one explanation possible 

Tliecompn^erd gaseous mixture is not all burnt at the explosion, iudkaMU, 
tUlme. m,,; hid a comalrrahh portion of it contuum tohurn dnrm, the rxmmion 
and exactly tliat quantity of heat which is thus impart, ,4 to the fluid is „! ' 
stracted by tile water-casing as waste Iieat. The heat thus abstracUxl I«ng in 
the Otto enpuo exactly eqnal to that imparted, the result is an adiabatic expansion 
curve winch requires that tho heat should mmaiii constant. 

A still more conclusive proof is aftbrded by another mctho,! r-In Apneudix n 
are shown tlio quantities of heat that aro imparted or abstracted at various 
points ot tho expansion. 

p P™J™ed by tliG free oombiisfion of the gas would amount altogether 

to ObrO calories ; the actual production during the part of th.. stroke com.rimnd- 
amounts only to 5'15t5 calories, so that there is a balance of 

111 I calories, that can only be generated during the rest of ilie stroke. 

Hence it follows that :■ — 

At the explosion only 5.5 jvr Bent, of the heat of eomioislion is derrhnrd ?/„. 
remaining -la per cent, heimj utilized hy continued eombmtirm after the exphsian. ’ 


* [50 mm. max. pn^ssuro, 

4*7 „ =1 atmospiiere. 

If 1 atmosphere = 1.4*7 lbs. per sq. inch, maximum absolute pressure : 
156 lbs. per sq. inch approximately.] 
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Appendix A to Db. Slaby^s Bei^ort. 

Calohetbio Expeeimehts with a -i-HoBsE Otto Gas-Exgine, No. 5,4^^^ 
Deutz, 3bd Aegl-st, 1881. 

1. — Bimensiom of the Bngim. 

Diameter of cyliader 171 *9 millimetres. 

Stroke . . . . . . • • • • 940*0 », 

Compression space 4,770 cnb. centm. 

Yolume disnlaced bv piston .... 7 , 888 cub. centim. 


The compression space is thus 0*6 of the volume displaced by the piston. 


II . — Bower of the Engine, 

Duration of trial 

Dynamometer lever 

Constant load 

Total number of revolutions 

„ „ explosions . . * . . 

Average number of revolutions per minute. 


^ hour. 
0*069 metres 
30*5 Idlogr. 
4,702. 

2,351. 

156*7. 


III . — Indicator Diagram,^ 

Time. Area. 

5 „ 0 ' 1,800 s<iuare millimetre. 

5„4 1,804 „ 

5 „G 1,800 „ 

r >,,8 1,700 „ 

5 ,,11 1,792 „ 

r >„13 1,788 „ 

5„14 1,816 „ 

9 „ 15 1,776 „ 

5„17 1,752 „ „ 

5 „ 18 1,792 „ „ 


[4*4 English HP.] 
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Average area . . . , 1,7G6 square miHimotres, 

OoTiritant length of diagrams 101. millimetres. , 

Mean ordinate . . . . 17* 48 „ 

Seal ci: of indicator . , . 4*7 milUmetres = 1 atmosphere. 

Average pressure . . . 3* 72 kilograms per square centimetre. 


Indicated IIP* 


0-17iy X TT X 37,200 X 0-34 x 16C*7 
4 X 60 X 7Ax2 


5*11 horses.* 


Efficiency = = , = o-87. 

indicated power 


IV . — Gas Exiienditjire, 

Consumption exclusive of igniting flame . . . 

„ per [brake] HP. per hour . . , 

„ for ignition per hour 


2*020 cubic metres. 

o-ooo 

0*078 


V . — Cooling Water Supphj. 

Total quantity of water 107*25 litres. 

Temperatures in cylimler casing indicated by inserted thermometer 


5 n 0^ 

60*0'"O. 


60*0 

5 „ 2 

60*5 

5 „ 3 

6)1*0 

r> » 4 

61*0 

5 „ 5 

6i*5 

5 „ 6 

61*5 


62*0 

5n8 . 

62*5 

r>„9 

62 -.5 

5 „ 10 

62*5 

5 n il 

03*0 

5 „ 12 

63*5 

5 n 13 

04*5 

■'^SnX4',"" 

(54*0 

An 15 

■ A4'5 

5 n 16 

65*0 

5 „ 17 

01*5 

5 „ 18 

OPO 

5 „ 19 

63 * 5 

5 „ 20 

03*0 


02 *5":, 

An22,-'„ 

62*0 

.5n2S 

61*5 

An;24..: 

01*5 

A ,,25 . ■ ■■ 

00*5 

''A:n^26::' 

60*0 

5,„27 

60*0 

r>n 28, 

58*5 

5„29 

■ 58*0 ' 

Mean 



15'^ lilean temperature of entering waiter. 
47^ Elevation of temperature of the water. 


[the INST. C.E. LECT. VOI,. II.] ; M 
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YJ . — Temperature of Discharged Products of ComhttsUon, 

:5Teasiired in the discLarge-pipe, wMoh was carefully protected against coolini 
Zinc was melted, but antimony was not. 

Melting-point of zinc (according to Mousson) . . . 423° C. 

„ „ antimony . 432° 0. 


YII . — Composition of Explosive Mixture. 

2,351 explosions consumed 2*020 cubic metres. 

Each charge 0*000,859 cubic metres. 

Mixture of air and gas for each charge . 0*007,888 „ 

Charge „ » »> jj • 0*007,029 „ 

Residue „ „ „ » * 0*004,770 „ 

Total of air-charge and residue 0*011,799 „ 

, gas ■ 1. ... gas ' ■: , 1 :■ 

Relation of voinmes = 13 - 70 ' 'aF = F 18 

TV eights ... »> 90 -75 7077 


VJII . — Computation of the Heating Power of Illuminating Gas. 

According to the analysis of the gas at tlie Gas-Motoren Eabrilc, Deutz, a.s 
given by tlie town gasworks of Cologne, it consists of-- 

Simple carburetted hydrogen, CH 4 0*344 

Double „ „ CjjH^ . . . . . . 0*035 

Hydrogen ..... H 0*509 

Carbonic oxido . . • CO 0*052 


hi the following Table are presented the proportions of tlie ingi-edients and 
tiioir lieaiing powers : — 


Thus 1 ctibic metre of the Dentz gas must produce 5,372*2 calorics. This 
estimate, however, is based on the assumption that the steam produced in the 


^ [The calorie used here is the quantity of heat required to raise one kilo- 
gram of water P Centigrade,] 



Cubic Metre. 

^V’eigbt of 

1 Cubic 
TIetre. 

Weight. 

Heating effect 
of 1 Kilogram. 

Heating effect of 
the proportion in 

1 Cubic Metre 
of Gas. 

CIT, . . 

0*344 

0*71 

0*244 

13,100 cal.^ 

3,196*40 eal. 

€.11 4 . . 

0*035 

1*26 

0*044 

1,100 „ 

523*60 „ 

H' . . . 

0*569 

0*09 

0*051 

29,350 „ 

1,496*85 „ 

CO . . . 

0*052 

i 1*26 

0*005 

2,390 „ 

155*35 „ 


1 1*000 


i 0*404 

1 

i 5,372*20 „ 
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combustion is coiidensotl Cumputatioii gliows that 0*9 kilogram of sb'juu i 
produced, which would take up 0-9 x 5d0 = 486 calories. Bcdueting tins, th< 
actual heating power utilized is 4,886 calories. 

As 1 cubic metre of the gas weighs 0*404 kilogram, the lieating power o 
1 kilogram amounts to 


H = 


4,SS6 

0-404 


=: 12,094 calorics. 


AreiiNDix B to Dr. Slaby’s Befout. 

Calometfjc Investigation. (Sec. Fig.. 91.) 

The length of the expansion diagram being 101 nullimefcres, and the compres- 
sion volume being 0*6 of the volume passed over by the piston during expansion, 
the distance of the origin of tiie co-ordinates is 101 x 0*6 = 60*6 mm. to the 
left of the beginning fU" the diagram. 

The diagram on winch iiio investigation is based is that taken at ah. 29 miiL. 
having area 1,760 square millimetres. The dotted line is the ligure taken, tin; 
full line figure being calculated. It is composed of four transitionH, with tlirct 
expansion curves and one compressioii curve, TTp, T^Tj TjTg, and TgT, The 
curves having an eqivation of the form p =; constant, in which p is the jires- 
sure and p the volume, and m is a constant, either integral or fnictioiud, |ios1tivt 
or negative. 

Computation of the constant w. 

1. Compression curve Tl\ 

15 _ 

5*6 60-6 / 

2. Expansion curve 

15 /GG’iiyi^h 

50 \6F6/ 

B. Expansion curve TjTg, 

4. Expansion curve T/r, 

15*5 _ /lODCjy^j 
5 * 6 ' \ i 52 * 5 / 


m = 1*00. 


> 12*05, 




-SS .17;*56, ' 


Dmniy of the Gaseoui^ Mixture before Cooihusilou , — Tim density of gas of 
which 1 cubic metro weighs 0*404 kilogram is 

The density of the gaseous mixture before combii4ion is according to Grashof 
(Besultate aus der mceh, Warme Theorie, p, 599) 


8-18 + 0*312 

: — 3, I - 


r0*;925.:^ 


DemiPp of the Gaieom Mixture after €omhmtion»-‘^Whvn the gaseous mixture 
is completely btmic4, there is a moderate meroaso of, density of the working 
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fluid. Indicating the density of the products of comhustion by A, there is 
according to Grashof, when the mixture consists of 1 cubic metre of gas with- 
8 cubic metres of air, the ratio 


^ = 1-024. 


Computation of the specific heat of the products of combustion according to 
Grashof (cs.a.o.) : — 

0-2S75 X 8-18 + 0-343 

_ OaeMj^S-lB + 0-286 _ C-, " ‘ 

^ - Ts* 18 + 0-18 

Computation of the temperatures : — 

To _ %% _ 1 .An 

T‘ 5-6 X iOl-6 

= 1-024®-’'- = 1-024 59-21-^.?.^:?-; = 3-7G 
T p V ^ 5-6 X IGl-G 

I" = l-024 ®.-®= = 1-024 bf? = 2-67. 

T p 11 5-G X 161*6 

Comptitaiion of tiie individual additions and abstractions of heat: — 

Tlic heat absorbed or added per kilogi-arn of working fluid expanding- 
according to any curve is expressed by the general formula Q = C y* d T, iii 
which the constant G indicates the specific heat belonging to tiie particular 

expansion curve. Its value is found by tlio formula 0 is= 0^,, (Lennei-y 


Thermodynamic theory, p. 144), in which m is the constant exponent, Cp the 
specific beat for constant volume, and h the ratio of the specific heat under 
constant pressure to that under constant volume. 


17-5 6 >- 
i7~-56 


X 0-192 = 0-187. 


Marking jiow the accessions of heat for the curves and by the- 

symbols Qj 


Qo = Co (T, - To) = 0-197 (3*76 - 1) T = 0*5437 T 

Qi = 0 

Q. = O 2 (T - %) = 0-187 (1 - 2-67) T = - 0‘3123 T. 

Hence it follows that during the curve Wo a large accession of heat takes 
place ; it indicates the explosion part of the diagram during which the greater 
portion of the gas in the mixture comes to, so to speak, spontaneous combustion. 

During the expansion curve the heat accession is 0, the curve being 
adiabatic, as was shown by the equality of with h 

The heat quantity is negative, consequently during the change of con- 



JENKIN ON GAS- AND OALOEIO-ENGINE8. 165 


<litiou heat must be abstractea, this being found in the discliargcd products of 

'Cunihustioii. ^ 

111 order now to compute tke accessions and abstractions of heat during the 
eontiuiiexl working of the engine, it is to be observed that the ivorking' iliiid 
conHivSt^s of 1 kilogruui of ga>s and 29 * 7o kilograms of air and residuary pro- 
<lucts of eombusfioii. During the trial 2*02 cubic metres of gas wore used, that is 
2*02 X 0*104 kilograms, making a total mixture of (1 + 29*75) x 0-40"lx2*02 
kilos, of working iluid, "We tlierefore obtain the heat during the whole trial by 
luiiltijdying the ascertained value of 1 kilo, of working iiuid by this factor. 
Imlicatiug the products respectively by Oy and 0.^, we have, 

Oy = 90*75 X 0*404 x 2*02 X 0*5437 T = 13*041 T, 

O, = - 30-75 X 0*404 x 2*U2 x 0*3123 T =r - 7*835 T. 

There is still to be considered the application of this licat by accessifui or 
-ahsi raciion duringthe performance of the curve uu The calculution gave m = 1, 
so that the curve has the (.‘quation pv =/;(»%, or is the isotlicrmnl curve according 
to Boyle’s law, representing the conipressimi of the fluid under coiifetaut tem- 
perature, As tile corapressbii developes heat, the iibove condit ion is only pos- 
sible when tile fluid under compression Is in contact with a body that can 
Jibstract heat, which is the case with the water-jacket of the cylinder. 

For reckoning tlie quantity of lieat tlius abstracted we cannot employ the 
atovo forniula. We tiierchu-e takr- another method. The total value of the lu.-at 
can also be determined by the work of compresBion, whieli can be ascertained 
from the diagram. The area, is 708 square millimetres. As the area. l.,700 square 
inillmietres of the wlnde (iiugrain is equivalent to 5*11 IIP., this part is found 
from the proportion, 

1700: 5*11; : 70S : x =2*22 horse, 


and 2*22 x 75 X 00 x :H) == 299,700 kilogrammetres, or its cquivab,.nt 

... 299,700 , . 

<, ) = = / Of) * S39 calories. 

' . ■ 424 . 

Before we can <iraAV furtlicr conclusions from the computed heat, wo must 
mak<? ilcfinite assumptions in reference to the lowest temperature T of the cycle. 

It is disadvantage<.*iis to deduce this from the measured tempemture of the 
expelled products of eombustiuu, as the drawing in of fresh cool air, which 
iiiingh's with the residuary prod acts, makes u great uHeralion. 

It is not necessary to determine the principal temperature by estimate ; It 
can he obtained by csilculation from the results obtained. 

We iiave in the cycle only one ucccssimi of heat, namely, in the coiirso of mg, 
which is 0„. In the computution Oj. as well as O is to be taken as an abstraction 
of heat. TTio diilerence Gy — (O + O^) expresses the heat translated into work, 
which is measured as the indicated work. 

Hence for determining T we have the equation — 


3,3*641 T - 7‘835 T - 706*839 ; 


*13 X 75 X 60 XJIO 
“ 424 • 


T = 400 ; and, further, from the preceding, 

% 400, 
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In order to get these temperatures according to the ordinary scale, it is only 
necessary to substraot 273®. 

We can now divide the heat as follows:— 

1. Total from combustion of 

2*02 cubic metres, free heat, 2*02 X “1,886 = 9,870 cal. 

2. Heat converted into the indicated work, 

5-11 x75 X 60 X SO 

-j2i ” 

3. Heat abstracted by the cooling water, 

107*25 x47 = 5,011 „ 

4. Heat carried away by the discharged 

products ...... O 2 = 7*835 X 400 = 3,134 „ 

The total of 2, 3, and 4 amounts to 9,801 „ 

so tliat the slight difference between this and 1, viz., 70 calories, may be 
neglected ; probably it is due to conduction and radiation. 

Beducing to unity, we have the following : — 


Converted into work 0*16 

Abstracted by cooling water 0*51 

„ by expelled products 0*31 

„ by conduction and radiation 0*02 

Total 1*00 


Wliat heat is liberated at the explosion ? 

Oo = 13*641 X 400 = 5,456 calories. 

which is 55 per cent, of the total heat produced by the combustion of the gas. 
Tabular View of the Chief Eesults. 


.* ! 

■{i 


Cooling water „ „ 

Utilization of the heat — 

1. Converted into work . , . 

2. Abstracted by cooling water . 

3. „ by expelled pro- 

ducts and by conduction amb ; 
radiation . , . . , , j i 

m for expansion curve ... 
Heat set free at explosion 
„ developed during expansion 


j lionoir. 

Otto. 

, , . , , : ■■ ,, ; 

Tre.sc!i’s Experiments. 

Slaby’s Experiments. 

1 ■. 

: 2 * 69 cub. metres 
122 litres ' 
B’rom 10® to 92® 

0 • 90 cub. metres 
{ ' 48Jitrea 
\ From 15® to 62® 

j ^ 

r ■ ; 4. |}er"cent.^ 

i 16 per cent,- 


33 „ 

100 per cent. 

1*37 

55 per cent. 


^ Tresca gives work as per dynamometer, not indicated work, 
® Indicated work. 

^ Including loss. 



JENKIK ON GAS- ANB CAXOBIC-fiNQiNES. 


167 


: appendix: V.'. 

Physical Constants iuiJlating to Coal-gas axp its combustion* 

TnimJaied fnuti Itemltate. mis der mechaniscJicii Wiime TheorleJ' hij Dr. D. 
Grasltof, MeideUterg^ 1870. 

One cubic metre of coal-gas coiitams on tlic average — 

0*42 cubic metre of , ... . , . . C II j 

0*08 „ „ : . . . : . 0„ll^ 

0’40 „ „ ... . , , . . liydrogen. 

O' 07 5 , „ ..... . . . carbonic oxide. 

0*03 „ „ . . . , , . . . nitrogeiL 

If, therefore, all Yol nines and specific weights (weights of 1 cubic metre) are 
referred to the normal atmo.-pherie pressure (0*7G metre of mvxmfv) and 
15'“' Centigrade, and the densities referred to that of air as unity, then for the 
conipcjsition referred to aliovo we have : — 

iSjK-cific weight of the gas = 0 • 535 Idlogram. 

„ „ of atmosphere Wq = 1 * 225 „ 

■ ■ 

Density of the gas - = 0*4367 „ 

Heating power of 1 kilogram of the gas. . . 0, = 10430 calora.‘s.* 

Heating pow<n’ of 1 cuhic metre of tlie gas, C = Wo Oj = 5580 „ 

Weight of air required for complete comlmstiori 

of 1 kilogram of gas Ijj 14*5 kikigmins. 

Volume of air for complete combustion of 1 cubic 

metre of gas L = 6*3 cubic metres. 

When 1 cubic metre of gas is mixed with h cubic metres of air, the Bpccille 
weiglit of the mixture is— 

1-225 5 4- 0*535 

-t ^ + 0*4367 

The density S is— v A***- = - ■ — — • — 

. l’22o-. ■ 5 + 1 

After ignition and perfe(?t combustion (assuming that 5 is greater than 6*3> 
t ])0 products of combustion (carbonic acid, water, nitrogiai, and excess of air) will 
have the density— . , 

+ o*8ir 

Tiie specific heat for constant pressure will be — , 

■ '.V-. ■_'''0-2375h’'+ 

and the specific heat for constant volume— 

* The calorie is the heat required to raise one kilogram of water at its 

maximum density 1® Centigrade. 
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Ifj however, in the space where the mixture is ignited there should be liquid 
water, as in the Hiigon gas-engine, say q litres or kilograms per cubic metre of 
gas at atniospheric pressure and 15° Centigrade ; then for & + 1 cubic metres of 
gas mixture let be the density after ignition, let K j; be the specific heat for 
constant pressure, and the specific heat for constant volume,* we sliall 
have— 

A - l)^fjt q 

'~(r+A7«+r.62 

jh 4“0-48 ^ 

{h-^iyw + q 
0^^069 
aP'; 

The chemical re-arrangement of the atoms is accompanied by an increase in 
the density, according to the following ratios : — 

for h = 8, 10, 12, 14 

fl = t = 1‘024, 1-020, 1-017, 1-014. 

O 

Moreover, let be the absolute temperature in degrees Centigrade, and 
the pressure in kilograms per square metre for the mixture before lighting, and 
Tj jmd avj the corresponding temperature and pressure immediately after the 
ignition; tiien assuming that per cubic metre of gas a 0 calories are instantly 
developed at constant volume, wo have approximately 

^ ■ O'O P ^ *^1 

k: (6 + 1) w >0 “ 0 

‘■.rhe formulai are most correct when a is near to uuily. ‘When water is present, 



Tj - To = 

Pi ^ (I 
Po V 


1 « (0 — 600 q) 

K't, {h + 1) iv 4- q 


4* 


l-SOGr/ 
1) 4- 1 


'n 


The pressure is diminished less than the absolute temperatnre by the presence 
of water. ■ 

From experiments on gas machines, a may be taken at from § to ;|. 


[Adhering to the Centigrade scale, the above expressions can all be used for 
English measures, as will be seen from the following considerations. 

The density is referred to that of air. The specific heats arc referred to that 
of water. The change of pressures is given as a ratio, ami the quantity of \Yater 
is also expressed as a fraction of the weight of the gus, whatever may be the unit 
employed. The heating power of a lb. of gas is easily calculated from that of 
a kilogram. It may be noted in passing that the value of the atmospheric 
pressure used by Grashof, though corresponding to that of 760 millimetres of 
mercury, is arot the English value 2,116*4 lbs. per square foot, but appears to 
be equivalent to 2,107 English lbs. per square foot. 

The composition of Grashofs gas may be compared with that of London and 
Manchester coal-gas cited by Clerk. 
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1 lb. of Manchester gas gave a heating value of 4,!}i0 calories, or 
foot-lbs. * 

1 1b. of London gas, calories, or 17,370,000 foot-lbs. 

1 lie of CiJrat-hofs ga.s, 4,731 calories, or 14,510,000 foot-ilis. 

It did not appear to mo worth while to use the rdjove eoiupiitations in com- 
paring the various cdicioTicies of engines of diifereiit types, in Aitpendix If. Tin^ 
relative merits would have been little altered, and the labour of the calculations 
much increased.] 


APPENDIX VX. 

JJiyim>n‘‘$ Ga^. — ^IMr. J. Emerson Dowson in 1883 submitted a Payci*^ on ids 
valuable improvements in the manufacture of cheap gas fur motor engines, to 
which little more need as yet be added. Each lb. of autliraciie produces from 
75 to 7(> cubic feet of gas at atmospheric pressure aud a ternperniure of ,10® O. 

In the Otto engines the volume of Dowson gas reipiired is live times that, oi' 
ordinary gas to give the stune power; 110 cubic feet per HP. ]>er luuir being Imnii 
in an engine indicating about 4 HP., and about 00 cubic feet per IIP. pi.-r hour in 
an engine indicating about 3>0 III*. One culdc foot of Dowson gus rerpure.^j, Imw- 
-ever, only 1*1 cubic foot of air for its complete combustion, whereas in an Otto 
engine as nmch as 12 volumes of air are mixed with each volume of onlijiary 
coal-gas. Hence Air. Dowson arrives at tlie result that without altering the 
dimensions of the cylinder it is 3 >o.ssil)le to 3 >asg intf) it the live volumes requirotl 
of hi.s gas, with the 5-5 voiiiraes of air theoretically retpiired for its comhusUon, 
and to liuve in addition an a.m|ile excess of air present. In converting antiiracite 
€oal into Dowson ga.'^, we lo.se only from 15 to 20 [xn* ci nt. itf the total heating 
power. The siverage fuel coiisiimi)t,ion at Alcs.«r.s. (Jros.sloy’s works, wherti Dow- 
sun ga.s is used for several engines, is 1’3 lb. ]>er I. HP. jier hour, tiud witli one 
engine indicating about 32 rii\, and tested separately, it was as low as 1*1 lb. 
})er HP. per hour, corresi)ontling to 83*«,5 cuhb; feet of the gas. This is a most 
remarkabh* achieve'ment. Tlie heut developed by the combustion of 1 cubic foot 
of Dow.son gas at 0® Centigrade and atmos 3 >heric pressure is 125,000 foot-lb.s,, (n* 
about one qujirtor of that devdo|.jed by Alanchester coal-gas per cubic fo(d. 
The heat dcvelo^jed by I lb, of Dow’son gas is about U,0U0,0()0 fojjt-lbs.; at 
if Centigrade it weighs about 0*014 lbs, per cubic foot. It as sometimes supposed 
that tli(; Dowsoti apparatn.s tukc.s lap too nnieU rooni, but an engine iuiiicatiug 
from 40 to 50 HP. can now be worked with plant occiqaying a ground space 
of 10 feet by S feel, or less than is required for the horizonlai boiler of astuim- 
engine of the same power. Fur the cost of production the render Is referred to 
Mr. Dowsorf s Paper. 


APPENDIX VII. 

As Rffbeit and Jame.s Btirling’s jiatents for air-engines are of great intiTost 
in the history of heat-engines, aud us the first jiatent is out of print, I have 
thought it desirable to iiiciiide a eonqdete rejjort of that speeificatifm, with its 
illiistr.'itions (sec Plate 4, Figs. I. to VI.), The spherical plates E E are Ha- first 
exam pie of the regenerator. This invention reappears, in a greatly improv(‘d 
form, in the second patent. 


^ AOniites of Proceedings Inst. C*E., vol, Ixxiii., p. 311. 
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A.D. 1S2L— No. 545G. Aik Engines. 

E. and J. Stirling's Specification. 

To all to whom these Presents shall come, llohert Btirlini^, clerk, minister of 
Oalston, in the county of Ayr, North Britain, and James Stirling, engineer in 
Glasgow, in the county of Lanark, North Britain, somd greeting. Whereas . . . 

Now know 3 'c, that the said Eohert Stirling and James Stirling do, by tliis 
instrument in writing, under their hands an J seals duly executed, describe and 
ascertain the nature of their invention, and the method in which the same is to 
he performed (that is to say) : — 

A, A, B, B, Figure First, is a vertical section (passing through the axis) of 
the under part of the air-vessel, which x^art consists of one jiiece of cast-iron, 
having the bottom B, B, B, of a spherical form, and the sides A, B, A, B, cylin- 
drical ; the liancli A, A, serves for bolting tliis vessel to its cover or lid, and the 
llanch 0, 0, tor supporting it upon the building of the furnace. The part of the 
side which lies between the twx) Handies A and 0 is turned correctly on the 
inside, into a form which approaches so nearly to a true cylinder that its diameter 
at A, the mouth of the vessel, is about one-thousandth part greater than its 
diameter at the flanch 0. Into this vessel is introduced and accurately fitte l the 
plunger D, B, E, E, which consists of tlie following jiarts : F, 0-, H, is a vertical 
section of a horizontal ring of cast iron, wliich is supported by four arms, similar 
to 0, 1, placed at equal divstances round its circumference, and united at the 
centre to a rod of malleable iron F, K, truly turned and polished, and called the 
plnngor-rod. Each of the arms G, I, has a partli, Ij, projecting perpendicularly 
from its junction with tlio ring F, O, H, and having its opposite sides formed 
into planes parallel to the })lunger-rod, and l;o that diameter of the circular ring 
above-men tioned, whieli passes through said projecting parts respectively. The 
parallel sides of these projecting parts or guides are polished, and work upon 
pieces of brass M, fijced in the cover of the air vessel to keep the plunger steady in 
its iicrpoudicular motion. Figure Sixth is a bird’s-eye view, upon a reduced scale, 
(tf the framework of the plunger. B, B, It, K, is the cast-iron ring; A, A, A, A, 
the arms by which it is 8Uxq>orted ; G, G, G, G, the guides ; h, h, the brasses upon 
wliicli the guides work, and P the plunger-rod. The ring F, G, H, Figure First, the 
arms G, I, and the guides 11, L, arc all cast in one piece, and serve for supporting 
and moving tlie following |)arts of the plunger, which are of sheet iron. B. F, 
is a conical ring of sheet iron, of the thickness of -/;j inch, riveted at F to the 
ca-^t-iron iing above mentioned, and also riveted at l> to a cylindrical ring of 
sheet iron B, E, of tlie thickness of inch; D, E, is again riveted, as represented 
at E, to the spherical part E, E, E, 'svhich is tilso composed of plates of sheet 
iron of the thickness of J inch, riveted together and liarnmered so as to apjily 
exactly to the upper surface of the spherical bottom B, B, B. A similar coin- 
pound spherical part of slieet iron, inch in thickness, F, F, F, is riveted to 
tile cast-iron ring F, G, H, and so adjusted as to be everywhere about 3| or 
4 inches distant from the spherical plate E, E, E ; both of these spherical plates 
are xiim-eed with a multitude of holes about |-inch in diameter, and not more 
than 1 inch distant from one another. Before the sheet-iron box now described is 
hmiliy riveted together nt B, the space E, F, E, is filled up with successive 
layers of plates of the thumest sheet iron in use, pierced with holes, as already 
described, stamped or hammered into a si>herical form, and kept at the distance 
of two or three times their own thickness from one another by small indentations 
formed in the uiqiorforated parts by a proper jiuncli or die. Figure Second, wliich 
is a vertical section of a small porlion of these jdates, represents the nature of the 
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said indeutatious, and also the holes already described ; <i a are the indentations, 
and 5, bj h, the holes. The holes %Yhich are made in, these thin plates are 
arranged in rows at equal distances from one another, and each successive layer- 
is so placed that its holes shall not he opposite to those of the layer beneath it. 
The object of this arrangement is to spread the air more completely over the 
plates in passing upwards and downwards, and to heat and cool it more effectually. 
The space between the conical part D, F, Figure First, and the cylindrical part, 

D, E, is in like manner filled up with jfiates of the thinnest sheet iron, without holes,, 
aud kept at a small distance from one another by indentations as already 
described. Instead of filling the space or cavity E, F, E, with plates of iron or 
other metal, we sometimes fill it with small pieces of stone or burnt clay, glass, 
stoneware, or any similar bodies, as small as possible, provided they do not pass 
through the holes of the sheet-iron box. At present, however, we prefer filling' 
the cavity with plates, as above mentioned. The outer plate of the plunger 

E, E, is kept on all sides distant from the interior surface of the air-vessel about 
the three-hundredth part of its diameter, and in order as much as possible to 
prevent the air from passing between them ; a thin plate D, N, which is partly slit 
into narrow threads, as represented at Figure Third, is riveted or screwed to the 
plunger at D, Figure First, extending round its whole circumference, and its narrow 
stripes are bent outwards, so as to touch slightly the turned part of the air vessel 
round its wdiole circumference. The cover of the air vessel O, P, P, 0, is of 
cast-iron, and of such a form that when its flanch O is applied to the fiancli A,, 
and the plunger drawn upwards till the point D touch the fianch 0, the 
remaining part of the cover shall apply as closely as possible to the upper sur- 
face of the plunger. This cover is bolted to the lower part of the air-vessel by 
the bolts Q, Q, and the joining is rendered air-tight by a stripe of sheet lead 
interposed betw'een the fianches A and O. In the centre of this cover is a per- 
pendicular tube R, R, for receiving the plunger-rod F, K, and upon the top of 
this tube a stuffing-box, packed with hemp and oiled, to prevent the passage of 
air, and at the same time to permit the plunger to be moved. Kear the circum- 
ference of the cover there are four projecting cavities S, S, wliich receive the 
guides of ^the plunger, and the brasses upon which they slide or vrork. These 
cavities are provided with air-tight covers, which, upon being removed, permit 
the brasses to be drawn upwards, for the purpose of being adjusted so as to keep- 
the plunger in its proper position, and in the centre of tliese covers there are 
stop-cocks T and U, so constructed as to admit oil at any time for lubricating- 
the guides, and not to permit the escape of air. The movable part of these 
stop-cocks is turned in the manner represented at U ; the oil is then poured in 
from above, and by turning it into the position represented at T, the oil is per- 
mitted to descend. In like manner oil is introduced to lubricate the piston and 
other parts which require it. Lastly, there is au aperture made in the cover of 
the air-vessel, represented by the dotted lines at V, by which the air in the air- 
vessel is permitted to communicate with that in the cylinder, and at all other 
points the said air-vessel is made air-tight. The whole of Figure First is drawn to a, 
scaleof 2 inches to a foot,^ except where the dimensions have been expressly specified 
in words. Figure Fourth is an elevation, and Figure Fifth a bird’s-eye view, of the 
manner in which apply the part of our invention above described, and com- 
bine it with others for producing a greater power in air-engines than has been 
hitherto attained. These figures are drawn to a scale of | inch to a foot h* the 
same parts are in both figures, when visible, marked with the same letters, and 
the following description refers to both ; — ^A, A, and B, B, are two air-vessels,. 


^ Reduced one-half in Plate 4. 
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■siidi as we have specified above, in which, however, the guides of the plungers 
are omitted in Fig. 4, to prevent confusion. The air-vessel A. A, is connected 
witli the lower part of the cylinder 0, G, by the pipe or nozzle D, and the air- 
vessed B, B, is connected by the pipe E, B, with the upper part of the cylinder, 
which has an air-tight cover, as in the best steam engines. By means of the 
plunger-rods, the cross-heads, and the side-rods, as represented in the figures, 
the plungers are connected to the opposite ends of the balance-beam F, G, which 
moves upon the fixed centre H. The interior diameter of the pipes or nozzles 
is one-fifth of the diameter of the cylinder, and .one-fifteenth of that of the air 
vessels, and the stroke of each plunger is one^fourth of tlie stroke of the piston. 
The cylinder C, G, the air-i')ump I, I, one end of the crank-shaft and the 

pillar wliieh supports the working beam, are supported upon the frame L, L, the 
■greater part of which is formed into an air-tight vessel or magazine for contain- 
ing a supply of condensed air or gas. For the purpose of procuring and main- 
iiiiiiirig this supply, the air-pump I, I, whose diameter and stroke are each half 
of those of the cylinder, and which has a solid piston and air-tight cover, is made 
to communicate to the magazine, both from above and below the piston, by 
proper pipes with self-acting valves, so constructed as to throw air continually 
into the magazine while the engine is at work. From the magazine (which has 
a safety-valve for the escape of the surplus air) a communication is made with 
the nozzles D and E by means of the small pipes M and N, and these latter 
pipes are provided with self-acting valves, which permit the air to pass from 
the magazine into the nozzles and cylinder, but prevent it from returning into 
the magazine. The piston-rods of the cylimler and air-pump are connected with 
the crank K, Iv, by a parallel joint, working beam, and connecting-rod, or by 
any of tlie nieaus commonly employed in steam-engines. The crank-shaft K, K, 
carries a llywheel 0, P, Q, and an eccentric wheel or secondary crank, which 
last ought to be so adjusted that the stroke of tlie plungers is exactly half com- 
l>leted when tlie piston is on the point of having its motion reversed. The 
eccentric whc‘ol communicates motion to the balance-beam and plungers in the 
following manner: — The eccentric rod K, B, communicates a reciprocating 
anotion to the levers S, T, and IJ, which move upon the fixed centre or shaft vS. 
Tim movable end of the lever S, XI, is connected by the rod U, V, to tlie rod 
V, W, which in, like manner moves upon the fixed point W, and the point Y 
^*olng thus made to rise and fall alternately, communicates a reciprocating vertical 
motion to the balance-beam and plungers through the rod Y X. The operation 
■of the whole engine is after this manner. A^e make a fire beneath each of tlie 
air-vessels A, A, and B, B, at siicli a distance that its heat may be equally 
fliirnsed over the spherical bottoms, and at the same time we keep the upper 
part or cover ot the said 'air-vessels as cold as possible, either by their own 
power of dispersing heat into the atmosphere, or by directing upon them a 
stream of air or water. AVheu it is seen through a small aperture in the furnace 
tliat the smoke of the furnace is burnt off from the bottom of the air-vessels by 
the heat of the fire, tlie apparatus is ready for working, and we keep the bottoins 
us near as possible to this temperature while the engine is at work. Suppose now, 
tlierefore, the crunk to be in the position represented in Figures Bfourth and Fifth, 
and that by the revolution of the crank-shaft and eccentric wlieel, or by moving the 
handle Y, the plunger in the air-vessel B, B, has been brought to the top, and 
the pluripr in A, A, to the bottom. Tlie air which was formerly above the 
plunger in the air-vessel B, B, lias now been made to descend through the lioles, 
m the thin plates of whicli the plunger is composed, and has been heated in its 
passage, and consequently its elasticity has been increased, as also its pressure 
upon the interior of the air-vessel, and upon the upper side of the piston in the 
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cylinder with which it eoniiminicates * in like mannex’ the air which was formerly 
beneath the plunger in the air- \ressel A, A, by passing upwards through the' 
plates of the said plunger, has been cooled, and its elasticity and its pressure- 
XI pon the lower side of the xhston is diminished. The pressure upon the upper 
side of the piston therefore, being greater than that upon the lower side, tlie 
piston is forced downwards, the crank is drawn upwards, and an impulse is 
communicated to the flywheel, which moves round in the order of the letters- 
O, P, Q, carrying along with it the eccentric wheel, which, drawing the eccentric 
rod towards the crank-shaft, depresses the point V, and thus reverses the position 
of the plungers and the pressure upon the piston, which, again, is forced upwards* 
and gives another impulse to the fly, and so on continually. The engine is at 
first started or set in motion by detaching the eccentric rod from the lever S, T,, 
and moving the plungers with the hand, like the valves in a steam-engine ; and 
when the fly has acquired a sufficient momentum, the connection is restored.. 
Also, ill order to start at first with greater power, we sometimes employ the 
condensing power of the plungers as a substitute for the air-pump, to throw a 
supply of air into the magazine, and though we generally work the engine with* 
common atmospheric air, yet, whenever a supply can be conveniently obtained of 
nitrogen, carbonic acid, or any permanent gas which does not readily corrode 
iron nor cause explosion, we use it with, equal and in some respects greatex’* 
advantage. 

Know ye, also, that we the said Eobert Stirling and J ames Stirling do not. 
profess to be the fii'st and sole inventors of all the parts wliich compose the 
engines now described, such as cylinders, pistons, valves, parallel joints, cranks, fly- 
wheels, and such other things which have been long in common use, nor of the 
principle of giving motion by means of the alternate expansion and contraction 
of air. But we have applied for and obtained His Majesty’s Letters Patent as 
the true inventors of such applications or combinations of those elementary parts 
described above.as enable us to produce a new manufacture of improved air 
engines. 

In particixlar, our first improvement upon air-engines consists in giving to the 
air-vessel and plunger the form and structure represented in Figures Firsts 
Second, Third, and Sixth, and the description referring to them, by which we 
are enabled to make the thin plates or other bodies filling the plunger, which 
are necessary to retard the passage of heat upwards, serve also for beating anti 
cooling the air. 

Our second improvement upon air-engines consists in the application of two oi’' 
more such air-vessels and plungers to one cylinder, so as to act alternately and 
equally upon opposite sides of the same piston. 

Our third improvement upon air-engines consists in admitting air by means of 
valves into the cylinder or air-vessels, so as to keep up a greater pressure upon 
the piston when we do not wish to employ an air-pump. 

And our fourth improvement consists in forcing through the said valves, by 
means of an air-pump, a greater quantity of air than could be introduced by 
the simple pressure of the atmosphere. It is for the invention of these four 
improvements only that we have applied for and obtained His Majesty’s Letters 
Latent. 

In witness whereof, &c, 

J, and K. Stirlings’ second patent, dated thirteen years later (No. 8652, 1810), 
shows that they had made considerable improvements in the practical details of 
the engine. Fig. 15a, Plate 2 shows the displacer, regenerator, and refrigerator, 
with the packing of the piston-rod, all well arranged, and such as might be adopted 
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to-day by any maker. They describe the vessel A, A, A, A, as made of cast iron, 
and i3roved. to a pressure of 700 lbs. per square inch. The displacer consists of a 
cap of cast iron, a, a, 6, b, having its bottom perforated with a number of holes, whose 
collective areas should be about one-twelfth of the area of the piston, and which 
are intended for the passage of the air. G, 0, T>, D, are alternate sheets of plane 
and fluted glass, the width of the passages not exceeding inch. The cover E E 
is perforated with a multitude of small holes for the passage of the air ; the 
outer portion of the displacer (or driver, as they call it) F F. is packed close 
with plates of plane glass or iron, to obstruct the passage of the heat from the 
air-vessel into the driver, and into the space E, B, B, E. The cooling appa- 
ratus, H, I, H, I, is a refrigerator, through which water circulates, and is con- 
structed in a manner which enables it to bear a very high pressure. In the 
regenerator, which in this example forms part of the displacer and moves with 
it, rods of glass are described as being sometimes used instead of fluted plates. 
In another example the regenerator and refrigerator are shown separate from the 
displacer, and the regenerator is described as constructed with wide plates of 
sheet iron, the greater part of which are about inch in thickness, and kept at 
a distance of inch from one another by small ridges or dimples. The cooling 
apparatus in this example consists of copper pipes | inch diameter within and 
\ inch without, and inch apart. They make the capacity of the cylinder, 
exclusive of the space occupied by the piston, about seven-tenths of the space 
left at the top of the air-vessel, when the driver is resting on the bottom. They 
use an air-pump to supply the waste of air by leakage, and likewise to All a 
magazine of condensed air for starting the engine with full power. They com 
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20 March, 1884. 


Sir J. W. BAZALGETTE, O.B., President, 
in the Chair. 


“On Compressed- Air and other Eefrigerating-Maohinery.” 

By A. 0. Kirk, M. Inst. C.E. 

The snloject of tliis lecture is one of comparatively modern 
development. Thirty years ago the speculation of a small number 
of advanced scientific men, it is now a most important contribu- 
tion to our well-being, and withal, I venture to prophesy, even yet 
only in its infancy. 

When I add that to the use of refrigerating machines we are 
indebted for very iniicli of the ice used in the tropics, for the 
production of our finest candles, for the better production of much 
of the beer we drink, better curing of the pork and bacon we 
eat, and that we depend on their use for vast supplies of the 
butcher meat we draw from our colonies and foreign countries, it 
will be seen how important the subject of mechanical refrigeration 
already is. 

There are many other applications of such machines which it 
would occupy too much time to enumerate. 

When we consider that both the construction and application of 
refrigerating machinery is hut in its infancy, there can he no 
doubt that a wide and inviting field for its more extensive applica- 
tion and further improvement is ever opening before us. 

The artificial production of ice has long been a matter of 
scientific curiosity in Europe, and of very practical importance in 
tropical countries. 

Our older scientific treatises devoted much space to the compo- 
sition of freezing mixtures, and to descriptions of methods adopted 
in India for producing thin ice on favourable nights by exposing 
w’-ater to the combined action of radiation and evaporation and 
suchlike. Such processes, however, did not to any practicar 
extent meet the demand for ice, and besides, they do not come 
wdthin the scope of this lecture. 

Until the development of the mechanical theory of heat by 
Carnot, Joule, Thomson, Clausius, Eankino and others, no real 
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progress was made in mecbaiiioal refrigeration. Tims, wlien we 
turn to Trevithick’s proposal (clever and original man though he 
was), in 1828, to compress air, cool it, and allow it to escape 
amongst the water to be cooled, the mechanical theory -of heat 
tells ns it would have been a total failure, for the simple reason, 
then niithonght of, that the escaping air did no work as it 
exi^anded, and therefore would not have taken heat from the 
water. . ■ 

In 1845 Dr. Gorrie of New Orleans made a great step by 
causing the compressed and cooled air to expand by working a 
piston in a cylinder against a resistance, the work done by the 
expanding air assisting to work the apparatus by wdiich the air 
was compressed. This machine consisted of a cylinder, with a 
piston and suitable valves, by which air was compressed. During 
compression heat was evolved, due, as we know now, to the work 
spent in compression being transformed into heat. 

This heat was removed by injecting water of the natural tempe- 
rature into the cylinder during compression, so that really the air 
w^as maintained during compression at its natural temperature. 
As the air was compressed it escapied into a receiver, vrhere any 
water in suspension was allowed to settle. The compressed air 
was then used to work a piston in a cylinder, like the piston and 
cylinder of a steam-engine, and thus in expanding to give out 
power which went to reduce the power spent in compression. 

Duriixg expansion brine was injected into the cylinder, which, 
giving up its heat to the expanding air, was cooled. 

The cold brine was used as a vehicle for abstracting heat from 
the water which was being frozen. Although the machine pro- 
duced ice, neither it nor a larger one, built in London on the same 
plan, was a practical and commercial success. 

The great step made by Dr. Gorrie was the introduction of a 
cylinder and piston, in which the expansion of the compressed air 
was carried out and thus made to do -work. 

From Dr. Siemens’ report on a similar machine erected in 
London, we must infer that this was done rather with a view to 
recover part of the power spent in working the machine than from 
a clear apjpreciation that it was an essential condition to the 
production of cold that the air should do work. 

Still, to Dr. Gorrie we must give the credit of being the first to 
produce cold by the mechanical compression and expansion of air. 

It was not till the mechanical theory of heat was developed 
that any clear idea was formed of the processes essential to 
refrigeration* 
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Wiien we nse lieat as a source of power, we take advantage of its 
property of causing tlie substance or niedinm we nse to expand 
wben beated and contract when cooled, and practically the sub- 
stances employed are elastic incondensable gases or condensable 
vapours. And you know that power may be changed into heat at 
the rate of 772 foot-pounds as an equivalent to the quantity 
of heat which would raise one pound of w^ater one degree Fahren- 
heit, in temperature. The converse problem can never be fully 
realized, that is, given a certain quantity of heat, we can never 
convert the whole of that into its equivalent in work, and the value 
of the heat to do work depends on the temperatures of the heat at 
our disposal. 

Take, as the simplest in theory, though not in practice, the case 
of the thermo-dynamic engine in which the medium is an elastic 
incondensable fluid, we shall say air. If a pound of air be allowed 
to expand in a cylinder pushing a piston against an equal resist- 
ance, and if we have a source of heat keeping the air at the same 
temperature while it is expanding, its pressure will fall much 
more slowly than if the air were not supplied with heat from any 
external source. The power thus given out while our pound of air 
expands some given number of times is in proportion to the abso- 
lute temperature of the air during expansion. If, on the other 
hand, no heat be supplied to the air during expansion, the pressure 
will fall more quickly. In both oases heat is converted into work 
in pushing the piston. 

In the first case, while the air was maintained at a constant 
temperature from an outside source of heat, the heat continuously 
supplied is converted into work ; while in the second, the heat 
converted into work is derived from the heat contained in the air 
when it commenced to expand and push the piston along. Thus under 
these latter conditions the expanding air will he cooled, the reverse 
taking place when we compress it. 

Carnot’s elementary engine is founded on these two conditions 
under which expansion can be conducted. While we expand air in 
a cylinder and supply heat to maintain the temperature constant, 
wo have seen that we do work at the expense of heat. On the 
other hand, if we force the piston back, we shall spend the same 
work in compression as we got during expansion, and will have 
continually to remove as much heat from the air during compres- 
sion as we formerly supplied during expansion. In this neither 
heat nor power will be consumed or produced. But if we could 
oring tibe air to a lower temperature before we compress it, we 
will then require to spend less power to compress it, and abstract 
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less lieat from it, to prevent its temperature from rising. How 
tlio temperature of the air is to he lowered to that of complression 
and again raised to that of expansion we shall see later on. The 
excess of power got in expansion over power spent in compression 
is available to do work, while the heat due to the power spent in 
compression must be abstracted by some outward body, practically 
air or water, which fixes the lowest temperature at which the heat 
of compression can be abstracted. The above constitutes the 
essential idea of a thermo-dynamic engine in which air is the 
medium used, which we may describe graphically, thus — 

Fig. 1. 





Suppose our cylinder, containing a pound of air, has a hot cover 
on it, keeping the contained air at the constant absolute tempera- 
ture T^, while the piston moves from A to B, the air as it expands 
pushing the piston, will do work exactly in proportion to the quan- 
tity of heat supplied by the cover. ISfow, if we can only get the 
air reduced to the absolute temperature T^ put a cover J^on the 
cylinder which will carry off any heat above T^, and compress the 
air at this lower temperature T^ fi'om C to I) as many times as we 
expanded it from A to B, we shall have done less work in compres- 
sion than we got during expansion, in proportion to the tempera- 
tures, the difference being available to do external work. The 
question then is, how are we to cool the air in the cylinder from T^ 
to T^ and warm it again from T^ to T^ without loss of heat or energy? 

In whatever way we carry it out, it resolves itself into storing 
up the heat as we cool the air, and restoring that heat to warm the 
air* There are two ways of doing this. The first is by converting 




the heat into work as we cool the air from to i m wnicii state 
the heat can be stoi^d, by a fly-wheel for instance, and again 
converting this work into heat to warm the air from to T^. 
When the piston was moved to B suppose the source of heat 
removed, and the air allowed to push the piston further with- 
out receiving heat, but doing work all the time, and therefore 
cooling itself. By allowing the piston to move far enough we 
may reduce the air from the temperature T** to T^, ready to 
iindei’go compression at the constant temperature as the 
piston moves from 0 to I) — the heat generated during this 
compression being removed continuously. If now on the arrival 
of the piston at I) we cease to remove the heat generated 
during compression, as the piston moves on from I) to A the 
enclosed air will he raised in temperature to ready to repeat 
the operation. The cooling during the expansion from B to C 
becomes in fact heat stored up as energy to be again converted into 
heat during compression from D to A. This complete cycle of 
operations is called after Carnot, its discoverer. 

There is yet another way, invented by E. Stirling, of effecting 
the same thing ; but in this case as the temperature falls from T^ 
to the heat in passing from B to is stored up directly as heat 
and is restored directly as heat from to A. Stirling called the 
apparatus for doing this a regenerator, and it consists of a mass of 
finely divided material, layers of wire gauze, for instance, through 
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rator, we still cannot reject heat at a lower temperature than 
nature provides. One feature of the cycles of operations we have 
described is that we may reverse them. In other words, we may 
in Carnot’s system raise the temperature of the air from to T*^ by 
compressing it adiabatically from C to B, that is, without allowing 
it to part with any of its heat during the process ; from B to A 
compress it isothermally, that is, remove the heat as it is generated, 
and so maintain the air during the operation at the temperature 
T^, we may then expand it adiabatically from A to D, and isotherm- 
ally from D to 0, during which operation it must absorb heat to 
maintain the temperature steadily at T^. Here, however, while 
the power spent in the compression CB is neutralized hy the 
power given out during the expansion AD, the heat rejected 
during compression from B to which represents power con- 
sumed, is greater than the heat absorbed during expansion from 
D to 0, which represents the power generated. Thus power in 
proportion to the difference of temperature must he supplied to 
keep the machine moving. 

It is obvious that we may, in the same way, reverse the cycle of 
operations where a regenerator is used, absorbing heat at a lower 
temperature during isothermal expansion, and rejecting it at a 
higher temperature during isothermal compression, work being 
consumed in proportion to the difference of temperature. 

Having thus explained how it comes that a motive-power heat- 
engine, operating with air as a medium, passes into a refriger- 
ating machine, it will take only a few words to show that the 
same holds good of motive-power engines, like the steam-engine, 
where the medium employed is a condensable vapour. In the 
case of the steam-engine the temperature at which heat is ab- 
sorbed, T^, is the temperature at which water boils under the 
pressure A"', while the temperature of rejection of heat, which 
cannot be lower than the natural temperature of water, is the 
temperature at which w^ater boils at the corresponding pressure 
D'^ The line A" B" (Fig. 2) is an isothermal, that is, the water 
in the form of steam expands from A^' to B'^ absorbing beat in 
the boiler, this heat changing water into steam continuously as 
the piston moves from A" to B". Unlike the case of an in- 
condensable gas which we have just considered, the pressure 
remains constant during isothermal expansion from A'' to 
owing to the physical change the liquid undergoes. When the 
piston has reached B" the steam moves it further, expanding 
now adiabatically, that is without further absorption of heat, 
till, for the sake of simplicity, we shall say the temperature T^ 
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is jeacliecl, and the piston has moved to Saturated steam, 

such as wo are dealing with, cannot be cooled as air can. If -we 
abstract any heat from it, the effect is not only to cool it but to 
ciiudense a certain quantity of it into water. Hence during expan- 
sion from, B" to O'", whatever heat is converted into work will l:>e. 
represented by the steam being cooled, and a part of it condensed. 
By availing ourselves of this same property, the mechanical com- 
pression from 0" to which we had to resort to in the case of 
air, is dispensed with, for we can by abstracting heat at the tem- 
perature reduce the steam to water. This process of rejecting 
heat from 0'^ to D'' is carried on at a constant pressure in the same 
way as the absorption of heat was carried on from A" to B". 

• Fig., 2. 


The resulting volume of water is so small, that the power spent in 
forcing it back into the boiler to he again converted into steam gas 
may be neglected. Thus the cycle of operations is completed, and 
practically simplified, hy availing ourselves of the physical pro- 
perty water possesses of being converted hy heat from a liquid to 
a gas, and hy the abstraction of heat, again condensed into a liquid ; 
hut on the other hand the temperature of heat- absorption is limited 
by the temperature of evaporation under the a-vailahle pressure. 

Sxippose now that T^ were the natural temperature of water 
availahle for condensation, hy reversing the series of operations we 
would compress the steam from to adiahatically, without it 
receiving or parting with heat ; from B'' to A'' we should ooiidonse 
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it ; we slionld then return the water to the boiler (which, as it 
would be passing from a higher pressure to a lower, it wouJd do of 
itself) to B", We should supply it with heat which it W'Ould 
absorb, boiling at the pressure D'' C'' and temperature Th ' We 
should again expend work in compressing it, and so on. 

Thus we have a complete refrigerating machine, and, as in the 
case of incondensable gas, it is merely a motive-power heat-engine, 
absorbing heat at a low temperature and rejecting it at a higher, 
with the result that instead of the engine giving out power, power 
must be spent in driving it. In other words, the resulting power 
is a negative quantity, the formulae applicable to a motive-power 
engine being equally applicable to a refrigerating machine. 

If the natural temperature of the earth were about 200°, the 
steam-engine would become a very excellent refrigerating machine ; 
but as the temperature of the earth is much below 200°, we must 
use a medium whose boiling and condensing temperatures under 
reasonable pressures are much lower than water. Sulphuric other 
.and ammonia have been most largely used, but other substances, 
such as sulphurous acid and light hydro-carbons, are employed. 

There is a certain analogy between the action of gravitation 
and heat %vhich may serve at least as an illustration, llrus when 
we raise a body in height, w^e must spend energy in proportion to 
the height. And vice versa, when a body descends it is capable of 
giving out energy in proportion to the height through which it 
falls. Substitute temperature for height, and the analogy holds 
good. To raise temperature we must spend energy in proportion 
to the rise of temperature, and when temperature falls energy can 
he exerted in proportion to the fall in temperature. 

It is to be remembered that in an abstract point of view it 
matters nothing what medium is used. * 

We will now proceed to describe, and that briefly, the actual 
arrangement of some refrigerating machines, commencing with 
those in which a condensable fluid is used. 

The ether machine we will take first, as being very simple. 

It consists of an ordinary double-acting pump, generally with 
ordinary pump-valves, arranged so as to have as little clearance as 
possible. The boiler is charged with ether, which, absorbing 
heat, boils and gives off vapour, and the lower the pressure in the 
boiler the lower is the temperature at which the ether boils. This 
vapour the pump draws off from the boiler through the suction- 
valve, and having filled itself compresses the vapour on the return 
stroke, till its pressure is raised to that of condensation at the 
lowest temperature at which the surface-condenser, into which it 
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is expelled tlirongh the delivery-valve, can he conveniently main- 
tained. The condensed and liquefied vapour returns to the boiler 
by a small pipe, regulated by a stop-cock. It is essential that the 
ether should return to the boiler as a liquid, and to ensure this, the 
level of the liquid ether in the condenser must be kept above the 
outlet of the feed-pipe by which it is returned to the boiler. This 
is either done by the attendant or by a self-acting arrangement., 
In the boiler, the ether during its evaporation absorbs heat either 
directly from the substance or liquid to be cooled, or, as is often 
the more convenient arrangement, from an intermediate liquid 
which does not freeze at the temperature employed, and wlioh, 
being pumped through pipes, forms a convenient medium for con- 
veying heat from the substance to be cooled to the ether boiler 
where it is to be absorbed. 

This boiler may be variously arranged to suit special purposes. 
Thus, when a liquid is to be cooled, it may be very like a tubular 
steam boiler, the liquid to bo cooled being passed through the 
tubes. Were such a machine perfectly air-tight, and no lubricant 
required, no ether beyond the first charge would ever be necessary. 

As you can well believe, this in practice cannot be realized. 
The temperature of evaporation of ether, when pure, is at 4®, 
under a pressure of about 2*6 inches of mercury, which may be 
taken as the lowest temperature it is practicable to produce by its 
evaporation, and the highest pressure that would be required, even 
in the tropics, to effect its condensation is about 36 inches. These 
are for pure ether, but in practice it is hardly practicable to go so 
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While experimenting on the liqnefication of gases under the 
combined influence of pressure and cold, he placed in one of the 
branches of a strong U-tiibe of glass a body which, under the 
influence of heat, gave off a q^uantity of the gas he wished to liquefy^ 
This was his compressor. 

The other branch he placed in a freezing mixture. This was 
his condenser. Notably he placed in the tube a dry chloride of 
silver, which had absorbed a considerable quantity of ammoniacal 
gas. Heat being applied to the end containing chloride of silver, 
while the empty end was kept cool, he found after a little time m 
that end a liquid which was liquefied ammonia. He then observed 
that as the tube was allowed to cool the ammonia evaporated, and 
the gas was re-absorbed by the chloride of silver. Here was a 
refrigerating machine, for during its evaporation the ammonia 
must absorb heat. Thirty years elapsed before this property of 
ammonia was turned to account. Ammonia behaves in the same 
way with chloride of calcium, with charcoal, and with water. I 
have tried the experiment with the two . former, but, being solids, 
I failed to make with them a practicable refrigerating machine, 
owing to their almost total absence of heat-conducting power and 
their sluggish action. Mr. Carre, by using water, which, from the 
mobility of its particles and the rapidity with which it could be 
heated and cooled, produced a practicable machine. 

In its simplest form Carre’s machine is intermittent in its action, 
and consists of two strong reservoirs, connected by a pipe — ^in 
fact, Faraday’s U-tube — enlarged at each end. The larger end is 
a vessel about three-fourths filled with a strong concentrated solu- 
tion of ammonia in cold water. When this is heated, and the 
smaller vessel placed in cold water, the ammoniacal vapour is 
expelled from the water, and, under the influence of cold and 
pressure, is condensed into a liquid in the smaller vessel. The hot 
water, or rather the hot weak ammoniacal solution left in the 
larger vessel, being now cooled by the application of cold water to 
the outside or otherwise, powerfully re-absorbs the ammoniacal 
vapour as fast as it is generated. Thus, the pressure being con- 
tinually removed by absorption, the liquid ammonia boils in the 
smaller vessel, and this goes on as rapidly as we can cool the con- 
tents of the larger. Water, under the influence of heat and cold, 
performs the same function as the piston in the other machine, 
promoting the evaporation of the gas by creating a vacuum, and 
also compressing and condensing the gas, without the use of any 
mechanical arrangement. Although no engine in the ordinary 
sense is employed, energy, in the form of heat, is of necessity con- 
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Slimed, and Iieat is absorbed at a low temperature and rejected at 
-a liigLer, as in all other refrigerating machines. The range of 
temperature available is great, much greater than in the case of 
ether, for at the atmospheric pressure the boiling temperature of 
•ammonia is — 40® Fahrenheit. Usually the pressure required to 
liquefy the gas is about 150 lbs. per square inch. This is the 
simplest refrigerating machine made, but its intermittent action 
limits its use. 

It, however, is easily transformed into a machine of continuous 
action, the operations being the same. But whereas in the inter- 
mittent macliine there were two parts, each performing two 
functions, alternately at a high temperature and at a low one, 
we must now adopt four parts, each performing one function, and 
kept at one temperature. 

As made by Messrs. Mignon and Eouart, of Paris, the parts consi>st 
of a boiler A (Fig. 3) in which the amnioniacal gas is distilled from 

Fig. 3. 


its solution, a condenser B to liquefy the gas, a volatiliser or boiler 
C in which the liquid ammonia boils and absorbs heat, and an 
■absorber I) into wliicb the vapour as it is generated in C passes, 
-and is absorbed by cold water. 

These different parts are connected by, 1st, a pipe a a taken 
from the top of the boiler A to the top of the liquefier B ; 2nd, a 
feed-pipe h h from the bottom of the liqueffer B to the top of the 
volatiliser C ; 3rd, a pipe c c taken from the top of the volatiliser C 
to the absorber D ; 4th, a pipe dd taken from the bottom of the 
boiler A to the top of the absorber D ; 5th, a tube // taken from 
the bottom of the absorber D to the top of the boiler A. This 
apparatus is completed by a pump F in the circuit of the pipe // 
from the absorber I) to the boiler A, a cock Q in the pipe d d, and 
lastly a cock H in the pipe 5 h. 

The operations carried on in this apparatus are as follows : The 
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ammoniacal gas is distilled from its solution in water in tlie boiler 
A Tinder a pressure in ordinary circumstances of about 10 atmo- 
spheres. The volatilised ammonia passes by the pipe a a to the 
liqiiefier or condenser B, which is kept cool by a supply of water. 
The ammoniacal gas being cond.ensed in the liqnefier B passes by 
the pipe hb to the volatiliser 0, in which it boils and abstracts 
heat. As the liqnefier or condenser is ordinarily at a pressure of 
.about 10 atmospheres, while the volatiliser or boiler is at a pressure 
of about 1 J atmosphere, the liquefied ammonia would rush at once 
through the feed-pipe h h were it not regulated by the cock H, so 
as to maintain at all times some liquefied ammonia in the condenser 
B, The ammoniacal gas, as fast as it is formed, passes from the 
volatiliser C to the absorber D, in which cold water absorbs it, 
compressing it in fact, and liquefying it, forming a solution of a 
convenient degree of saturation. This ammoniacal solution is 
returned to the boiler A, and the process is repeated. But in the 
course of distillation in the boiler, which must be performed 
quietly and wdthout agitation, the solution of ammonia is found at 
the bottom to be comparatively poor ; and while the strong solution 
from the absorber D is returned to the boiler A by the pump F, 
a corresponding amount of weak solution is drawn from the bottom 
of the boiler and returned to the absorber. The flow of this water 
is regulated by the stop-cock G. In order to prevent the great 
waste of heat, which was unavoidable in the intermittent machine, 
in cooling down the spent ammoniacal solution to enable it to act 
as an absorber, an interchanger is introduced, by which the heat 
of the spent solution, as it escapes from the bottom of the boiler A 
on its ^vay to the absorber D, is given up to the strong solution on 
its way from the absorber D to the boiler A. 

The heat interchanger, as is well known, consists of an arrange- 
ment of pipes through which the cold water passes in one direction, 
while the hot water passes outside these pipes in the opposite 
direction, or vice versa. This interchanger is shown dotted in the 
diagram in the course of the pipe d d. Although by this apparatus 
loss of heat in heating and cooling the water of the solution as it 
passes from the boiler A to the absorber B, and vice versd^ is very 
largely avoided, the water passing to the absorber requires to be 
partly cooled by cold water. In this machine we have the motive 
power engine, which may drive the ether machine, or any other 
machine on the same principle as the ether machine, combined in 
one with the refrigerating apparatus. 

Mr. Eeece has introduced certain refinements by which some- 
what more anhydrous ammonia is produced. 
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commnnication witli a second cylinder and piston, by pushing its 
piston inwards while the regenerator piston is at its top stroke, we 
compress the air contained in the lower space, and by moving the 
regenerator piston to the bottom of its stroke, and allowing the 
Xaiston of the second cylinder to recede, the air is expanded in 
the upper space between the regenerator and the top of its 
cylinder. The upper space is kept at the temperature and the 
lower at the temperature T^. Thus the cycle consists of four 
operations. 

1st. Isothermal compression from B to A in the lower space, 
rejecting heat at T^, the regenerator^being at top stroke. 

2nd. Transference of the compressed air to the .upper space by 
the regenerator and its piston moving downwards, and the air 
passing upwards through the regenerator leaving its heat stored 
up, and reaching the upper space at Th 

3rd. Isothermal expansion above the regenerator in the upper 
space, accompanied by the absorption of heat at Th 

4th. The regenerator and its piston moving upwards, and trans- 
ferring the cold air through it to the lower space again. As the 
air passes downwards through the regenerator, it picks up the 
stored-up heat, and enters the lower space at the temperature T^. 

These operations are carried out by the compressing and ex- 
panding piston being connected to a crank and fly-wheel, the 
regenerator-piston being moved by a crank at right angles, or 
nearly so, to the compressing piston. Now the top and bottom of 
the regenerator cylinder are formed into a somewhat extensive 
cooling surface in order that the compression and expansion may 
be as nearly isothermal as possible, and it consists of circular 
water passages, through which water or brine circulates, and 
over which the air is caused to circulate rapidly. While the air 
expands in the space above the regenerator-piston it abstracts heat 
from a current of brine, which is being pumped through circular 
passages, and in the same way, while the air is being compressed 
below the regenerator-piston, the heat of compression is removed 
by water of the ordinary temperature circulating through a similar 
set of passages formed in the bottom of the cylinder. 

The compression and expansion of the air when contained in 
the lower and upper spaces would be actually isothermal but for 
the extreme difficulty with which air is heated and cooled. To 
heat and cool air every particle of it must be made to come in 
contact with the substance which is to give or take heat from it. 

Thus the surfaces of those substances must be extensive and 
subdivided, and, moreover, the air must be made to circulate over 




lUU KIRK ON BEFRIGERATING-MAOHINERX. 

tliem. All of tliese conditions are pretty fairly carried out in tlie 
arrangement shown. Still, with it all, there is no douht that the 
temperature of the air inside the machine during compression is 
higher than the temperature of the water, and during expansion is- 
lower than the temperature of the brine—to what extent I havC' 
never had the opportunity of ascertaining. 

There is no adiabatic expansion or compression in this machine. 
The change of temperature as the air passes from compression to- 
expansion is entirely affected by the regenerator, in which heat, in 
passing from compression to expansion, is stored up and again 
returned to the air, as it passes from expansion to compression. 
The action approximates pretty closely to the diagram, Tig. 1, 
only that the square corners there shown are by the continuous 
motions of both pistons rounded off. 

In practice, this machine is made double-acting by another 
similar cooling cylinder, piston and regenerator being connected 
to the opposite side of the comjDressing cylinder. 

In this apparatus the air may b^e used of an}’* density the 
machine is strong enough to withstand. By using air of a high 
initial density, not only is the size of the machine reduced, but the 
efficiency of the heating and cooling surfaces of cylinders and of 
the regenerator become more efficient the higher the density of the 
air. Of course, this machine can practically only be used to cool 
a current of brine, or suchlike fluid, employed as an intermediary 
for abstracting the heat from the substance to be cooled, and 
delivering it up to the air in the machine. If we continue to 
work the machine without supplying heat from an exterior source 
during expansion, wo will continue to lower the temperature until 
ultiiaatoly all the heat will he supplied to the cold end by con- 
duction from the cylinder and piston and convection from tlie 
regenerator. 

In a small model I have frozen mercury, and I have no douht 
in a larger machine, where better precautions are taken, tempe- 
ratures maybe attained lower than anvtl-nSio* 
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For a more fall descrij^tion of its action I mast refer yon to tlie 
Paper I read before tliis Institution in 1874. 

In tliis case tlie compressed air is cooled by the injection of 
cold water on the one side of tbe generator, while tbe expanding 
air receives its heat by cooling an injection of brine at the other 
side of the regenerator. Of course, the regenerator would speedily 
be closed up solid with snow were it not for the action of the 
brine injection, which, washing over the cold side of the regene- 
rator, dissolves it as fast as it is formed. The action of the water 
in removing the heat, and of the brine in giving up heat to the 
air, is in this machine very nearly perfect from the extreme sub- 
division of the watery particles, spread as they are over the surface 
of the regenerator. The air and water are practically at the same 
temperature, and the compression and expansion isothermal. Of 
course, the lowest temperature to which this machine can be 
worked is limited to the lowest temperature to which the brine or 
solution of chloride of calcium can be exposed without freezing, 
but within these limits its action is very perfect. 

Mechanically, too, the problem is very simple, for one cylinder 
is entirely hot v^hile the other is entirely cold, and the packing of 
the plungers being constantly wet is easily kept air-tight. 

In neither of the machines are there any valves opening or 
shutting. They may be likened to pumps for lifting heat from a 
low temperature to a higher, in which the regenerator performs 
the function of a valve, but of a valve which acts on heat, and 
prevents its return to the lower level or temperature at each stroke.. 

The last type of refrigerating machine I shall describe is that 
in which the working air cooled in the machine is discharged into 
a chamber, in order to cool it and its contents. 

From its low specific heat and weight, unless the air is sent into 
the chamber considerably below the temperature of the chamber a 
very large volume must be passed through. Although some losses 
attend . sending the air into the chamber at a temperature very 
much below that at which it is to escape, allowing it to he warmed 
up through a large range, this plan is generally found preferable 
to that of passing a very large volume through, with a small 
difference of temperature, as the latter involves much larger and 
more costly machinery with increased and serious losses from 
friction. In this way different parts of the chamber must of 
necessity be of very different temperatures, some at the tempera- 
ture of admission, and some at the temperature of escape ; but for 
the purposes to which such machines are applied this matters not 
the temperature of escape is the important point. 
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Very early in tlie Hstory of meclianical refrigeration, Professor 
Piazzi Smyth proposed to cool the air of rooms hy compressing and 
cooling air, and subsequently expanding it, and discharging the 
air so cooled into a room, and along with the late Professor Eankine 
and Sir^Villiam Thomson had thoroughly investigated the sub- 
ject, and carried out some experiments with a machine driven bv 
hand. 

Machines of this class in which air is merely compressed, cooled, 
expanded, and ejected, are inversions of -Dr. Joule’s air-engine, in 
wEich heat is rejected and absorbed at constant pressure, and 
differ essentially from those we have just described. In the 
latter, the working air absorbed heat during expansion, from the 
substance being cooled, which was converted into work as it was 
absorbed, and thus assisted to drive the machine. In the machines 
wo have now under consideration no heat is absorbed by the air 
duiing expansion, and the heat is simply removed from the chamber 
as heat, and does not go to assist in driving the machine. 

Its first introduction on a practical and efficient scale is due to 
Mr. Coleman, who applied it to the cooling of chambers for the 
preservation of meat. 

The great difficulty which presented itself in all the earlier 
attempts was the great quantity of snow produced in the cooling 
cylinder, which involved not only a great waste of power, but 
introduced serious mechanical difficulties, choking up valve-pas- 
sages and air-pipes. When we draw air from the atmosphere we 
cannot hope to got rid of the production of snow, although much 
can be done to reduce the quantity of water in the air before 
exjjansion or cooling takes place. In dealing with the large 
volumes of air, which we are compelled to do, the complete 
removal of moisture m out of the question. When, however, a 
machine is employed in which the compressed air is cooled without 
-coming in contact with water, .and w'hiA!-, .j. - 


KIRK OH REFRiaERATIHG-MACHIHERY. 193 

or receiver, into wHcli tlie air is coiapressed, cooling tlie air Both 
during compression and after. To cool the air further ih is con- 
veyed hy a pipe to the interchanger, composed of a nest of tubes, 
over the surface of which the air passes as it escapes from the 
chamber, and through which the compressed air passes and is 
cooled on its way to the expansion cylinders. From this a wooden 
trunk conveys the cold air to the meat chamber. 

The importance of the interchanger maybe illustrated thus; 
'When the temperature of the chamber has to be kept below 
freezing, while the water outside which is available for cooling 
the compressed air is at say 90° Fahrenheit (not by any means an 
impossible case, passing through the tropics), very great loss would 
take place if the air from the chamber at probably 25° Fahrenheit 
were simply allowed to escape into the atmosphere. Even if this 
cold air were dra-vai directly into the compression cylinder, it 
would be at once warmed by the injected water, and after com- 
pression could not be lower than the natural temperature of the 
water, which we suppose to be 90°, and from which cooling by 
expansion would commence. The interchanger comes into play 
to obviate this loss. The compressed air, after being cooled as 
far as possible by water, is caused to pass through an extensive 
series of pipes, round the outside of which the cold air circulates 
as it escapes from the chamber. Thus if the currents of hot 
and cold air are made to traverse in an opposite direction, the 
escaping air will pass out at nearly the temperature at -which the 
compressed air enters, while the compressed air will pass into the 
expanding cylinder cooled down to nearly the temperature at 
which the cold air escajjes from the chamber. 

In the case we have supposed, instead of expansion commencing 
from a temperature of 90°, it would commence from about 30°. In 
this respect it performs the same function as the regenerator did 
in the machines before described, and, like the regenerator, its 
effect is to reduce the necessary capacity of the cylinders. In 
practice, however, the interchanger cannot be made so efficient as 
this. In no case can it be allowed to cool below freezing, other- 
wise the moisture contained in the air would be frozen in the 
pipes and choke them up. When, as is generally the case, the 
compressed air contains moisture, the interchanger further per- 
forms the important function of condensing a large portion of it 
before expansion, which being drawn off, reduces the production of 
snow within manageable limits. 

If dry compression is adopted, as in Mr. Haslam's machine, 
a cooling arrangement, like an ordinary surface condenser, is siib- 

[tHE INST. C.E. LECT. VOL. II.] 0 
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stitnted for tlie injection of water, in order to cool tlie compressed air. 
No water is injected into tlie compressing cylinder, wliicli is kept 
cool by a water-jacket, and of course must now be lubricated witli 
oil. In every other respect the machines are substantially alike. 

Where water injection is used in the compression cylinder, the 
compression is practically isothermal. Where dry compression is 
used the compression is, on the other hand, approximately adiabatic, 
and of course more power is consumed in compression, while less 
snow is produced ; and in docks or rivers the air by which meat 
is frozen is not brought in contact with tainted water. 

In Mr. Lightfoot’s machine the moisture of the compressed air 
is further condensed by partial expansion, in what is equivalent to 
a primary expanding cylinder, the expansion being completed in 
a second one. 

We will now notice some of the more important applications of 
the machines we have described. 


Ice- Making. 

Although not now the most important application of refri- 
gerating machines, this was the earliest, and the first inducement 
to contrive such machines was the desire for ice and the high cost 
of it in the tropics. Dr. Gorrie’s early machine was constructed 
for this purpose. The first attempts at making ice by refrigerating 
machinery consisted in filling a copper pan with fresh water, and 
immersing it in the cold brine which was cooled by the machine. 
Various ingenious arrangements whereby the pans containing the 
fresh water were gradually moved up towards the end of the 
trough or box at which the brine entered from the machine, and 
where it was coldest, were tried, but all tlie ice so made was soft 
and spongy, and more or less opaque in the centre of the block. 
This spongy part did not consist of hard solid ice, and on standing 
^omo little time became what is popularly called rotten, which 
really means that this part of the ice was spongy in texture, and 
as it melted the pores became filled with water. The consequence 
was, that the ice did not look well or keep well. In the conrse of 
experiments undertaken to get over this difaculty, I found that 
sound transparent ice was formed on the under side of a pan con- 
taining cold brine, whose bottom just touched the surface of the 
iresh water. As this worked out badly in practice, on pursuing 
the subject further, I found that it mattered nothing whether the 
cold surface on which the ice was formed was at the top of the 
water, at the bottom of the water, or immersed verticallv in it. 
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tlie only condition necessary to prodiiee solid clear ice l)eing tliat 
the whole of the water was not frozen. 

The shape these ice-making arrangements ultimately assumed in 
my hands was that of a large wooden tank, divided longitudinally 
hy metallic slabs, placed vertically, forming internal passages 
through which cold brine from the machine was pumped. The 
tank was filled with fresh water, and as the cold brine circulated 
through between the plates forming the slabs, the ice formed on 
their outside grew thicker and thicker, but not so thick as to 
allow the ice on the adjoining slabs to join together. Thus a 
certain quantity of unfrozen water, like a mother liquor, remained 
between them. When the ice on two adjoining slabs was allowed 
to approach within 3 or 4 inches, I have put my hand down, and 
have felt the crystals of ice, which had begun to shoot across like 
spikes interlacing each other. Were this allowed to go on, these 
spikes would increase and interlace more and more, till ultimately 
the two slabs of clear ice would have grown into one, with spongy 
ice in the centre. By agitating the water between the ice slabs 
less space is required. 

When not agitated, even perfectly transparent ice has minute 
straight holes in it, rudiments of the crystallization which I have 
described, at right angles to the surface on which it is frozen, and 
visible to the microscope, up which it is possible to pass a hair of 
the head. 

For domestic sale the ice ought not to be less than 7 inches 
thick, wdiile for the supply of steam-ships and suchlike it ought 
not to be less than 10 inches thick, and perfectly transparent. 

After the brine has been shut off from an ice-box, there is suffi- 
cient cold stored up to increase the thickness of the ice | inch. 
And indeed the best way of storing ice for short periods is to have 
plenty of ice-boxes, and leave the ice in them undisturbed. These 
boxes must be kept most carefully surrounded by a large thickness 
of non-conducting material. 

After the large ice-blocks have been lifted from the. boxes by a 
travelling crane, they are taken to a saw bench, and cut up into 
convenient sizes by a circular saw. 

COOLIKO Pabaffik. 

In 1861 when I applied an ether machine to the cooling of 
paraffin oil, in order to extract the solid paraffin, it was, as fixr as I 
know, the first application of a refrigerating machine to manu- 
facturing purposes. 

0 2 
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Paraffin oil consists of a mixture of many oils of yarions specilio 
gravities, and contains in solution many solid paraffins of different 
melting points, some crystallizing from the oil at a low tempera- 
ture, and some at a comparatively high one. This crystallizahle 
paraffin has to be extracted from the oil, as much to render the oil 
fluid at all ordinary temperatures, as to secure the valuable solid 
paraffin, which is so largely used for candle-making. As paraffin 
and paraffin oil are very bad conductors of heat, it was from the 
first evident that in cooling it artificially the heat to be removed 
could not pass through a layer of any considerable tliickness but 
at a very slow rate. In my earlier arrangements, pipes closed at 
the bottom and open at the top depended vertically from an iron 
tube-plate, and by suitable arrangements a current of cold brine 
was maintained through these pipes. The pipes hung down into 
a wooden box, which was filled with paraffin oil, and after standing 
a certain time, the oil was cooled and the paraffin was crystallized 
from its solution in the oil, the whole forming a pretty firm pasty 
mass. An iron scraper plate fitted these tubes, and being attached 
to the box and drawn down with it as the box was lowered, forced 
this frozen paraffin down from between the tubes, and it fell into 
the bottom of the box. This arrangement worked until it was 
entirely burnt down. When it came to be reconstructed, I adopted 
a more speedy plan. I used a drum, with cold water circulating 
in it, or it might be cold brine, and as this drum revolved the 
lower part of its circumference dipped into a small pan containing 
the paraffin solution. A coating adhered to the drum, was cooled 
as the drum revolved, and on the opposite side was scraped oft' 
continuously, and fell into a tank below. By this means a con- 
tinuous process was substituted for an intermittent one. 

At the Oakbank Oil-works, the use of cold brine is dispensed 
with, and the drum itself is made the boiler or evaporator of an 
ether machine, only instead of ether a very volatile hydro-carbon^ 
got in the works, is used. 

An ammonia machine might be applied in the same way. The 
paraffin, as it is scraped off from the drum, falls into the trough, 
where it is slightly agitated, in order that it may be drawn off by 
a pump, and by that forced through filter presses, in which the 
solid paraffin is retained while the oil passes through the cloths. 
These presses are too well known to require description here, as 
they are used for many other purposes. 

The application of water cooled artificially, instead of water 
at the natural temperature, in the coolers of breweries, need not 
detain us. Although there is nothing in the apparatus requir- 
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ing special description, tliis application of refrigerating macliinery 
is one of vast importance. Tliis is not a case wliere a low tem- 
perature is required ; in fact, tiie lowest temperature is a good deal 
above freezing. But altliougb a low temperature is not required, a 
great volume of beat bas to be abstracted. As tbe volume of beat 
to be removed is great, but tbe difference of temperature is small, 
wbatever tbe niacbine employed may be, it must be of large 
capacity, altbougb tbe power required to work it is small. Tbis is 
a case in wbicb mecbanical macbines, by tbeir necessarily large 
size and friction, in proportion to tbe small power I'equired, work at 

great disadvantage. 

Peeseeving Meat. 

To import meat in a frozen state from abroad bas for years lieen 
tbe dream of many far-seeing men. Tbe late Mr. Mort, of Sydney, 
devoted mucb attention to tbe subject of importing meat from 
Australia quite fifteen years ago. 

Tbe earliest plan of cbambers for freezing or keeping meat was 
by circulating cold brine tbrougb pipes, or tbeir equivalent, placed 
close to tbe ceiling. Tbe first time I saw tbis plan adopted was 
by Messrs. Harris, in tbeir curing-bouse, about 1862. Mr. Mort 
erected in Sydney an extensive cellar, cooled in tbis manner by an 
ammonia mac-bine, in wbicb to freeze fresbly-kilied meat, prior 
to its being put on board ship, while to carry off tbe steam from 
tbe meat as it cooled independent ventilation was provided* 
Showers or fountains of cold brine are more effective than pipes. 

But altbougb such arrangements are often very suitable on 
shore, it bas been all along felt that such fittings were inadmissible 
-on board ship. When a ship’s bold is packed full of carcases, it is 
out of tbe question to have it traversed by inaccessible pipes or tbe 
like. Besides, such cargo can only be carried one way, and on tbe 
return voyage pipes would be an encumbrance, and liable to be 
broken, 

Tbe practical solution of tbe problem of importing meat from 
abroad is due to Mr. Coleman, who applied the direct method of 
cooling air wbicb I have just described. 

By this means all pipes and mecbanical arrangements inside tbe 
meat cbambers are dispensed with ; tbe cold air simply passes by 
a w^ooden trunk along tbe top of the chamber, near to one side, 
with suitable distributing branches and boles, and escapes by a 
similar trunk near tbe other side, A snow-box is provided, some- 
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times outside, and in some cases inside tlie cliamber, from wHcb 
snow is vemoved periodically, but, notwithstanding, some accnmn- 
lates among the carcases dnriiig a voyage. Of course, after the 
meat has been frozen and ceases to give off steam, or when it has 
been frozen before shipment, if the air is not cooled in contact 
with water the production of snow is less. The walls of the 
chamber are of wood, and double, the space being filled with a 
good non-conductor, such as charcoal, or dry hard wood shavings. 
This point of insulation is very important, but, like everything 
else on board ship, it becomes a compromise. The value of 
capacity limits the thickness of the non-conducting lining, and the 
machine has to be worked much more than it would if Sj)Rce for 
more thickness could be spared. Practically the walls do not 
exceed 12 inches thick. 

In describing the machine, w^e spoke of its being generally more 
convenient to cool a small quantity of air to a low temperature in 
preference to a larger quantity to a higher temperature, and this 
applies very strongly to the case in point. Kot only is the space 
on board ship limited (which renders smaller machines preferable), 
but the low tem23erature and increased density of the air render 
circulation amongst the carcases more efficient. The carcases 
having been frozen on shore in a separate establishment, and sewed 
up in cloth, being quite firm as they are put on board, can be 
stowed as closely together, one on the top of the other, as any 
other cargo, and the cold air, by its greater specific gravity, finds 
its way down through them. Attention has to be given during 
the voyage from time to time to see that the distribution of the 
cold air is equal throughout the chamber. Por instance, if a ship 
has a steady inclination for some time to one side, the cold air wall 
tend to that side; and to regulate this, thermometers are fixed in 
various parts of the chambers, accessible from the deck or from the 
air-trunks, by watching which the inlet apertures, by which the 
air escapes from the trunks, can be adjusted. Por this purpose 
the trunks must be large enough for a man to pass freely through 
'them." . 

On shorter voyages, such as those from America, it is not 
necessary to freeze the meat. All that is required is to keep it 
at a temperature just a little above freezing. In the longer 
ix'om Australia and New Zealand, the meat must be 
frozen hard. 

But besides their use in importing meat for sale, a not less 
important application of these machines on board ship is that of 
keeping an abundant supply of fresh meat and vegetables sufficient 
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for tlie voyage. Not only first-class passengers, bnt einigrants, 
and everyone on "board sMp, can now be supplied witb fresh, meat, 
and all tlie old horrors of scurvy axe done away with. 

To give an idea of the extent to which these machines have 
already been used, I have been at some pains to collect data which 
may be interesting. 

Up to the end of 1883 I find that one hundred and twelve of 
these machines by various mahers have been fitted on board ship, 
and fifty-nine for cooling meat on land. 

To show how rapid has been the growth of the importation of 
dead meat by the help of these machines, I find that by Mr. Cole- 
man’s machine alone there has been impoided from America in the 
last five years 563,568 quarters of beef, and 113,633 carcases of 
mutton. 

During the last four years, by various machines, 3,159 quarters 
of beef and 138,664 carcases of mutton have been imported into 
London from Australia. And from New Zealand in the last two 
years 728 quarters of beef, and 129,732 carcases of mutton have 
been imported into London. In the months of January and 
February of this year, from Australia and New Zealand, 69,663 
carcases of mutton have been imported. 

Taking the beef and mutton at 6d. per lb., this represents a 
total value, in the years given above, of £3,477,417. 

I need add nothing more to show the extreme value, not only to 
this country, but to our Colonies, of refrigerating machines. 
Already the trade in meat is, as you will see from the above 
figures, an extensive and important addition to our commerce. 
At present the process is practically successful, but there is no 
doubt room for improvement, probably in the machines themselves, 
probably in the arrangements on board ship, but certainly in more 
complete and extensive arrangements on shore for cooling the 
meat preparatory to its shipment, and for receiving it and storing 
it for sale after it is brought here. 

Looking back we find refrigerating machines may bo broadly 
divided into two classes, those in which cold is produced by the 
evaporation of a volatile liquid, and those in which it is produced 
by the expansion of air. Each has its appropriate use. For such 
purposes as making ice, in tins country the ammonia machine will 
probably be chiefly used ; while abroad, where supplies of chemical 
substances cannot at all times be had, and often only at an 
enhanced price, a machine producing cold by the expansion of air 
will be found ]3referable. 

On the other hand, where •water power can be had, the air- 
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, -s maciifiiov^pc^ maoMnes after the type of the ether machine, are the 

as I have stated, the air-machine is the most 

suitable. ' \ 

‘ The?:e;is \n# doubt a large and increasing field for the employ- 
^Ithilse machines, both in manufactures and in provid- 
ing ns witW the Necessaries as well as the luxuries of life. 

'V^' , ; ■ 

' ,'-~Si^N^WyyAZALGETTE, C.B., President, said : In the address to 
mave listened Mr. Kirk has put before you the salient 
poinfs of the subject in language at once simple, clear, and con- 
vincing. When I entered this room this e%'ening my motto 
would have been “ Go Forward,” but Mr. Kirk has convinced me 
to-night, in comparing the temperature at which heat is taken in 
and given out in thermo-dynamic engines as compared with 
refrigerating engines, that there is an advantage in sometimes 
going backwards. If you agree with this view, I wdll ask you 
not only to thank Mr. Kirk for the able lecture he has given, but 
to show him, by holding up your hands, that he has satisfied you 
that the ordinary adage about always going forwards is not 
invariably correct. 

The resolution was carried unanimouslv, and acknowledged ])y 
Mr* Kirk. 
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8 April, 1884. 

SIR J. W. BAZALGETTE, C.B., President, 
in tlie Chair. 


“ Heat- Action of Explosives.” 

By Ca|)tam Andrew Noble, C.B., F.E.S., M. Inst. C-E. 

Examples of explosiTe substances will readily occur to all of you. 
The salient peculiarities of some of the best known may roughly 
be defined to be the instantaneous, or at least the extremely rapid, 
conYorsion of a solid or fluid into a gaseous mass occupying a 
Yolume many times greater than that of the original body, the 
phenomenon being generally accompanied by a considerable de- 
velopment of measurable heat, which heat plays a most important 
part not only in the pressure attained, if the reaction take place in 
a confined space, but in the energy which the explosive is capable 
of generating. 

Fulminates of silver and mercury, picrate of potassa, gun-cotton, 
nitro-glycerine and gunpowder, may be cited as explosives of this 
class.. 

But you must not suppose that substances such as I have just 
named are the only true explosives. In these solid and liquid 
explosives, which consist generally of a substance capable of being 
burnt, and a substance capable of supporting combustion, in, for 
example, gun-cotton or gunpowder, the carbon is associated with 
the oxygen in an extremely condensed form. But the oxidisable 
and oxidising substances may themselves, prior to the reaction, be 
in the gaseous form ; as, for instance, in the case of mixtures of 
air or oxygen with carbonic oxide, of marsh gas with oxygen, or 
of the mixture of hydrogen and oxygen forming water, which, if 
regard be had to the weight of the combining substances, forms 
an explosive possessing a far higher energy than is possessed by 
any other known substance. 

But these bodies do not complete the list, and, under certain 
circumstances, many substances ordinarily considered harmless 
must be included under the head of explosives. 

Finely-divided substances capable of oxidation, or certain 
vapours, form, when suspended in or diluted wdth atmospheric air, 
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mixtures wMcli have been nnfortiinately the cause of . many 
serious explosions. 

Minute particles of coal floating in the atmosphere of coal-mines 
have either originated explosions, or in a very high degree inten- 
sified the effects of an explosion of marsh-gas. Flonr-dnst and 
sulphnr-dust suspended in the air have produced lihe disastrous 
results. Lines of demarcation are generally difficult of definition, 
and the line between explosive and non-explosive substanGes forms 
no exception to the rule; but, from the instances I have given, 
you will note that an explosive may be either solid, liquid, or 
gaseous, or any combination of these three states of matter. 

In the course of my lecture I propose, in the first instance, to 
give you a short account of the substances of which some ex- 
plosives are composed, illustrating my meaning by giving you tlie 
composition of one or two which may be considered as types, and 
which are well known to you. 

I shall, in the second place, show the changes which occur 
when our explosives are fired, and shall endeavour to give you 
some idea of the substances formed, of the heat developed, of the 
temperature at which the reaction takes place, and of the pressure 
realised, if the products of our explosive be absolutely confined in 
a strong-enough vessel, as well as of the experiments which have 
been made, and the apparatus which has been used either directly 
to ascertain or to verify the facts required by our theory. 

I shall in certain cases .supjiose our exj)losives to be placed in 
the bore of a gun, and shall endeavour to trace their behaviour in 
the bore, their action on the projectile and on the gun itself. I 
shall, at the same time, describe to you the means and apparatus 
that have been employed to ascertain the pressure acting on the 
projectile and on the walls of the gun, and to follow the motion of 
the projectile itself in its passage through the bore. 

Let us take, suppose at the temperature 0^ Centigrade, and at 
the pressure 760 millimetres of mercury, two equal volumes of the 
gases, hydrogen and chlorine, which when combined produce hydro- 
chloric acid. I have the gases in this tube, and let us apjAy a 
light ; you will observe that the mixture explodes violently, with 
considerable evolution of heat. Now this is perhaps as simple a 
case of an explosive as we can have. 

If we suppose the gases to be exploded in an indefinitely long 
cylinder, closed at one end, and with an accurately filling piston 
working in it, and- if we suppose the gases (fired, you will remem- 
ber, at 0^ Centigrade, and atmospheric pressure) to be again 
reduced to the temperature and pressure from which we started. 
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tlie piston will descend to its original position, and tlie gases will 
occnpy the same space as before they were exploded. -» 

If we now suppose that we had, in a calorimeter, measured the 
quantity of heat produced by the explosion, that quantity of heat, 
about 23,000 gram-units per gram of hydrogen, or about 600 
gram-units per gram of the mixture, expresses, without 
addition or deduction, the total amount of work stored up in the 
unexploded mixture, and from that datum, knowing the specific 
heat, we are able to deduce not only the temperature at which the 
explosion takes place, but the maximum pressure produced at the 
moment of explosion, and the work which the gases, in expanding 
under the influence of the heat evolved, are capable of performing. 

If, instead of a single volume each of hydrogen and chlorine, we 
take two volumes of hydrogen and one of oxygen (which when 
combined produce water), or by weight two parts of hydrogen 
and sixteen of oxygen, and explode them as I now do, you will 
observe that there is a still more violent explosion, and I may 
add that there is a still greater development of heat. 

If, as before, we supposed the explosion carried on in an in- 
definitely long cylinder, the piston, on the gases being brought 
back to the temperature and pressure existing before the charge 
was fired, would no longer stand at its original height, but at two- 
thirds of that height the three volumes would be condensed into 
two, and the heat determined by our calorimeter, about 29,000 
gram-units per gram of hydrogen, about 3,300 gram-units 
per gram of the gaseous water produced by the explosion is 
increased above what may be considered the true heat of the 
explosion by the condensation which the aqueous va^iour has 
suffered in passing from three to two volumes. 

From the heat determined, however, we are able as before to 
deduce the temperature of explosion, the pressure exerted on the 
walls of a close vessel at the instant of maximum temperature, and 
the energy stored up in the exploded gases. 

I have mentioned that the potential energy stored up in this 
mixture of hydrogen and oxygen is, if taken with reference to its 
weight, higher than that of any other known mixture, and it may 
fairly be asked why should such an explosive, whose components 
are so readily obtainable, not be more largely employed as a pro- 
pelling or disruptive agent ? 

There are several objections, but you mil readily appreciate 
one when I point out that if we assume a kilogram of gunpowder 
forming a portion of a charge for a gun, to occupy a litre or a 
decimetre cubed, a kilogram of hydrogen, with the oxygen iieces- 
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sarj for its combustion, would at zero and at atmospberic pressure 
occupy volume sixteen thousand times as great. 

Let us now pass to gun-cotton, known also as pyroxylin or 
trinitro cellulose. This substance, as you probably know, is pre- 
pared by submitting ordinary, but carefully purified, cotton to the 
action of a mixture of concentrated nitric and sulphuric acids at 
ordinary temperatures, where a proportion of the hydrogen in the 
cellulose is replaced by an equivalent amount of nitric peroxide. 

Nitro-glycerine is fin like manner formed by the action of a 
mixture of nitric and sulphuric acids on glycerine; but we shall 
for the present confine our attention to gun-cotton. 

The formula representing gun-cotton is 8 (N O2) O5, and 

gun-cotton itself may be employed in several forms in the floccu- 
lent or natural state, or it may be made up into strands, yarns, or 
ropes, or it may be granulated or made into pellets, or it may be 
highly compressed into slabs or disks, in which last form it is 
almost invariably used for industrial or military purposes, and for 
which we are so largely indebted to the labours and researches of 
my friend and colleague Sir Frederick Abel, C.B., Hon. M. Inst. C.E. 

Samples of all these forms are on the table before you. 

When gun-cotton is fired, practically the whole of its consti- 
tuents, which before ignition were in the solid, assume the gaseous 
form, and this change is accompanied by a very great develop- 
ment of heat. I now fire a train of different forms of gun-cotton, 
and you will note, in the first xfiace, the small quantity of smoke 
formed, and this may be taken as an indication of the small 
amount of solid matter in the products of combustion. You will 
observe, also, that instead of the explosions which took jplace 


to burn violently than exx)lode. This, however, is due to the 
ease with which the nascent products escape into the atmosphere, 
so that no very high pressure is set up. 

Were wo, by a small charge of fulminate of mercury or other 
means, to produce a high initial pressure, the harmless ignition 
that you have seen would he converted into an explosion of the 
most violent and destructive character. 

You will finally note that this transformation differs materially 
from those which we have hitherto considered. In both of these 
the elements were, prior to the ignition, in the gaseous state, and 
the energy liberated by the explosion was exptressed directly in 
the form of heat. In the present instance a very large hut un- 
known quantity of heat has disappeared in performing the work 
of x>lacing the products of explosion in the gaseous state. 
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Let me try to show you how large an amount of heat may he 
absorbed in the conyersion of solid matter into the gaseous 
state. 

You are aware that if a gram of carbon be burned to carbonic 
anhydride there are about 8,000 gram^units of heat evolved, 
whereas if a gram of carbon be burned to carbonic oxide, there 
are only evolved about 2,400 gram-units. Now a pmn we may 
certainly suppose that the assumption by the carbon of the two 
atoms of the oxygen should result in equal developments of heat, 
but you will note, from what I have stated, that in the combination 
with the second atom of oxygen about two and a third times 
more heat is developed. Whence, then, comes the difference, and 
where has the heat disappeared which our calorimeter declines to 
measure ? The missing heat may be assumed to have disappeared 
in performing the work of placing the solid carbon in the gaseous 
state. 

In the case which we have been considering, the oxygen which 
supports the combustion of the carbon is already in the gaseous 
state ; but with gun-cotton all the gases are, prior to combustion, 
ill the solid state. Their approximate weights are exhibited in 
the following Table : — 

Table I.—Shoaving the Composition and Metamorphosis of Pellet 
Gun-Cotton. 


Composition. Products of Explosion. 

Carhon 24*89 Carbonic anhydride , . . 0*424 

Hydrogen 2*69 „ oxide 0*280 

Nitrogen 13*04 Hydrogen 0*011 

Oxygen 56*66 Nitrogen ...... 0*145 

Ash . . . . . . . . 0*36 Marsh gas 0*003 

Moisture 2*36 Water . 0*116 

Pormnla CgH; 3 (N 02 ) 05 . Original moisture .... 0*021 


Carbonic oxide and anhydride, nitrogen, hydrogen, aqueous 
vapour, and a little marsh-gas, are the products of explosion, and 
their quantities are such that a kilogram of gun-cotton, such as 
that with which Sir F. Abel and I have made so many experi- 
ments, will produce, when the gases are reduced to atmospheric 
pressure and to a temperature of 0° Centigrade, about 730 litres. 
In this volume the water produced by the explosion is not in- 
cluded, being at that temperature and pressure in the liquid form. 
In estimating either the pressure exerted on the walls of a close 
vessel, or the potential energy of the gun-cotton, we have to add 
to the work done, that is, to the heat absorbed by the great 
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expansion from tlie solid state into the number of volumes I have 
indicated, the potential energy due to the heat at which the 
reaction tabes place. 

As might be expected from the definite nature of the chemical 
constitution of gun-cotton, the constituents into which it is 
decoini)osed by explosion do not very greatly vary; the chief 
point to bo observed being that the higher the tension at which 
the explosion occurs, the higher is the quantity of carbonic 
anhydride formed, that is, the more perfect is the combustion. 

Gunpowder, the last and most important exam|)ie I shall select, 
is also by far the most difficult to experiment with, as well as the 
most complicated and varied in the decomposition which it under- 
goes. 

To begin with, it is not like gun-cotton, nitro-giycerine, and 
other similar explosives, a definite chemical combination, but is 
merely an intimate mixture, in proportions which may be varied 
to a considerable extent, of those well-known substances, saltpetre 
or nitre, charcoal and sulphur ; and in this country the proportions 
usually employed are 75 parts of saltpetre, 10 of sulphur, and 
15 of charcoal. They do not during manufacture undergo any 
chemical change, and it is perhaps owing to this circumstance 
that gunpowder has for so many generations held its place as the 
first and principal, indeed almost the only, explosive employed 
for the purposes of artillery and firearms. 

One great advantage for the artillerist which gunpowder pos- 
sesses in being a mixture not a definite chemical combination is, 
that when it is fired it does not explode in the strict sense of . the 
word. It cannot, for example, be detonated as can gun-cotton or 
nitro-giycerine, but it defiagrates or burns with great rapidity, 
that rapidity varying largely with the pressure under which 
the explosion is taking place. As an instance of the difference in 
the rate of comhustion due to pressure, we have found that the 
time necessary for the comhustion of a pebhle of powder in free 
air is about two seconds. The same pebhle in the bore of a gun 
is consumed in about the part of a second ; but a more striking 
illustration of the effect of pressure in increasing or retarding 
combustion is shown by an experiment devised by Sir F. Abel, 
and which by his kindness I am able to repeat. It consists in 
endeavouring to burn powder in vacuo, and you will see for your- 
selves the result of the experiment. 

But although the composition of gunpowder is in this country 
approximately what I have said, the requirements or experiments 
of the artillerist have for certain purposes modified in a high 
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degree both the constituents and the physical characteristics of 
gunpowder. 

In the following Tahl© are exhibited the composition of the 
numerous pow’-ders with which Sir F. Abel and I have experi- 
mented; and the samples which I have upon the table, many of 
which will be new to some of you, illustrate the irregular forms 
into which we mould the mixture, which by a misnomer we still 
call gunpowder. Hei*e you see the foi'ms with which all are 
familiar, and which are called fine grain and rifled fine grain. 
Here, a little larger, you see rifled large grain, which at the intro- 
duction of rifled guns was the powder then used. Here these 
small lumps are called pebble powder, and this powder is that 
generally used in this country with rifled guns of medium size. 
Hero is a still larger size of service pebble. 


Table II.— Showixo the Compositiok of various Guxpovders. 
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This form, prismatic, differing from the others chiefly from its 
regular shape, and from the hole or holes traversing the prisms, is 
perhaps the most convenient form in which powder can be made 
up in large charges, while these blocks exhibit still larger 
masses representing powders which have been used with success 
in very large guns. The object of the holes in the prismatic 
and other powders is to ensure the more complete combustion 
of powder by increasing the burning surface, as the prism is 
consumed, and consequently diminishes in size. 

I draw your particular attention to these samples, because I 
shall have, before I conclude, something to say about them. 
You will observe that they are in the prismatic form, and that 
they differ from the other prisms, with which you can com- 
pare them, in being brown in colour instead of black. 

Let us now apply a light to trains of different natures, and 
to some other samples of powder, experiments which I daresay 
at one time or another you have made for yourselves, and ob- 
serve the result. You will note, in the first place, that an ap- 




208 NOBLE ON HEAT-AOTION, OE EXPLOSIYES. 

preciabie time is taken by tbe flame to pass from one end to 
tlie other ; but you will also note an essential difference between 
this combustion and that I showed you a short time ago with 
gun-cotton, viz., that there is a large quantity of what is com- 
monly called smoke slowly diffusing itself in the air. 

Now this so-called smoke is really only finely divided solid 
matter existing as a fluid, or volatilised only to a very slight 
extent at the moment and temperature of explosion, and if, 
adopting means which I shall presently describe to you, we had 
exploded in a close vessel the powder which we have just burned 
in the air, and allowed the vessel to stand for a few minutes, 
the products would be divided into two classes— one, a dense 
solid, generally very hard and always a disagreeably smelling 
substance ; the other, colourless gases, the odour of which is, I 
must confess, not much more fragrant than that of the solid 
matter to which I have referred. 

These large bottles on the table contain a portion of the so- 
called smoke of a charge of 15 lbs. of powder, collected in the 
manner I have described in a closed vessel. You will see it is 
a very solid substance indeed; but as these products are some- 
times very protean in their characteristics, I have upon the table 
one or two other specimens of these residues differing considerably 
in appearance. 

I have also in this steel vessel the products of combustion of 
2 lbs. of powder. I shall not now let the gases escape ; but 
after the lecture shall be glad to do so for the benefit of those 
w^ho have no objection to a disagreeable smell. 

If the gases produced by the combustion be analysed, they 
will be found to consist of carbonic anhydride, carbonic oxide, 
and nitrogen, as principal constituents, with smaller quantities of 
sulphydric acid, marsh-gas, and hydrogen with, this point depend- 
ing much on the constitution of the charcoal, always small 
quantities, and occasionally considerable quantities of aqueoiis 
vapour. 

The solid substances are found to consist of, as principal in- 
gredients, variable quantities of potassium carbonate, sulphate, 
and sulphides, with smaller quantities of sulpho-cyanate, and 
ammonium sesquicarbonato. 

The annexed Table shows by weight the products of combus- 
tion in the different powders examined bv Sir F. Ab^l and TYitr- 
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Considerations sncli as are suggested by tliis Table led Sir 
F. Abel and myself to make a statement wliicli lias been somewhat 
misunderstood, and which has been the subject of a good deal 
of controversy, viz., that, except for instructional purposes, but 
little accurate value can be attached to any attempt to give a 
general chemical expression to the metainor23hosis of a gunpow'der 
<.>f normal composition. 

Now by this statement, to which, after many years of research, 
we most emj)hatically adhere, we did not mean to say that, given 
precisely the same conditions the same products would not follow; 
hut we did mean to say that the circumstances under which gun- 
powder, nominally of the same composition, may be exploded, are 
so varied — the nascent products may find themselves under such 
varied conditions both as to pressure, temperature, and the Siil)- 
stances with which they find themselves in contact, this last point 
depending much on the physical characteristics of the powder — 
tliat it is not wonderful if considerable variations in the products 
•ensue. . . . ' ' ■ . . • . ■ 

I need only refer in illustration of my remarks to the very 
interesting decomposition experienced by cocoa-powder. Observe 
the very small quantity of carbonic oxide, and the large quantity 
of water formed, while the solid constituents are reduced in 
number to two. 

Lot me now call your attention to another point. The Table 
giving the decomposition of gunpowders shows also the ratio 
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Let me dwell a little longer on this point. Take the powder 
^vh.iQh has deYeloped the greatest amount of heat— the Spanish. 
Kote that the amount of heat generated is ahoiit 50 per cent, 
greater than that developed by the lowest on the list — the mining. 
On the other hand, note that the volume of permanent gases 
evolved by .the mining powder is about 50 per cent, greater than 
that given off by the Spanish. 

The products of the volumes of gas and the units of heat evolved 
in these powders are neaidy the same, and, indeed, the remark 
may be extended to the other powders in the list, the pi'odncts 
of these two numbers not differing very greatly from a constant 
quantity. 

You will anticipate the deduction I am going to draw from 
these singular facts. 

Assume for a moment, for the sake of simplicity, that these six 
poTvders have the same composition, but -that fortuitous circum- 
stances — their physical condition, for example — have determined 
the varying quantities of gas evolved, and of heat developed. 
Assume further — the assumption approximating to the truth — that 
the potential energy of all the powders is the same, and we arrive 
at the conclusion that the smaller number of units of heat, which 
can be measured by our calorimeter in the case of the mining 
powder, is due to the larger amount of heat absorbed in placing the 
much more considerable proportion of the products of combustion 
in the gaseous condition. 

Heat, then, plays the whole role in the phenomenon. A portion 
oi this heat, to use the old nomenclature, is latent ; it cannot be 
measured by our calorimeter ; that is, it has disappeared or been 
consumed in performing the work of placing a portion of the solid 
gunpowder in the gaseous condition. A large portion remains in 
the iurm of heat, and, as we shall see later, plays an important 
])art in the action of the gunpowder on a projectile. 

the temperatures and pressures which will be 
ileveloped wdien the various explosives we have been considering 
are fired in a close vessel. 

the two first explosives described, viz., the 
mixtures of hydrogen and chlorine, and the mixtures of hydrogen 
and oxygon, to be at atmospheric pressures when fired, both the 
theoretic temperatures of explosion, and the resultant pressures 
may he affected^ to some extent by dissociation, which, I need 
hardly say, acts in the direction of reducing both the temperature 
and the pressure. 

Little or nothing is known of the extent to which dissociation 
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takes place at tlxe very high temperatures produced by the gases 
we are discussing. That extent, whateyer it may be, wi51 doubt- ' 
less be largely reduced as the tension at which the explosion is 
carried on is increased. 

If we suppose no dissociation to take place, and the gases to 
follow" the law^s of Boyle and Guy Lussac, a temperature of about 
4,500° Centigrade -will be reached by the explosion of the mixture 
of chlorine and oxygen, and a temperature of about 8,000° Centi- 
grade by the mixture of hydrogen and oxygen, w^hile the pressures 
reached wdll be respectiwely about 17 and 20 atmospheres. 

. You wdll note ho%Y feeble are the pressures compared with those 
■with w"hicli -we have to deal in the case of the explosives to which 
I now come. The mixed gases could, of course, prior to their 
detonation, be highly condensed, but the difficulties attending the 
use of such explosives in the condensed form, whether for artillery 
or industrial purposes, would be insurmountable. 

Before entering upon the temperatures and pressures developed 
by the explosion of gun-cotton and gunpowder, as the data I shall 
lay before you are chiefly derived from experiments made by Sir 
P. Abel and myself, it may be w^ell to describe, as briefly as possible, 
some of the apparatus employed by us in our researches. 

These diagrams (Figs. 1 and 2, p. 214) represent two of the vessels 
in which the explosions were made, one being a very large one, 
reinforced by steel ribbon, and open at both ends, the two open 
ends being closed by screw-plugs, the plugs themselves being 
fitted with special arrangements, with the details of which I need 
not trouble you, for preventing the escape of gas past the screws 
of the plugs. In one of the plugs is fitted a small instrument 
called a crusher gauge, the object of which is to determine the 
pressure existing in the chamher at the instant of explosion. In 
the other plug is fitted at wflll an arrangement by which the 
charge is fired by electricity without any communication with the 
external air by -which the products of explosion can escape. 

Although not belonging to my subject, I may here mention a 
very singular accident which on one occasion happened in using 
this vessel, and w-hich explains accidents which have occasionally 
happened wflth the B. L. guns. I was experimenting with large 
charges of powder. The end of the vessel was placed against a 
wr ought-iron beam. The screw — a half-inch pitch — ^being a very 
good fit, was screwed into its place with much difficulty, and -witli 
the use of a good deal of oil. On firing, the screw unscrewed, I 
need scarcely^say in a very minute part of a second, until the last 
two threads reached. These were sheared. Owing to the 
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wroB gilt-iron beam, whicH, by tbe way, tbe canted end of the 
screw Mnifed as neatly as if it bad been done in a lathe, there 
was no motion of translation, but the motion of rotation was so 
high that the screw, first striking the ground and then an iron 
plate at an angle of 45°, went vertically into the air with a singular 
humming noise, descending in about thirty seconds a few feet from 
the place from which it rose. 


ExPLOSiON-VESSEii for Large Charges. 
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It may serve to illustrate tire progress that has been juade in 
Artillery if I mention that thirty years ago the largest charge 
then used in any gun was 16 lbs. of powder. The 32-poxinder gun, 
which was the principal gun with which our fleets were armed, 
fired only 10 lbs. ; but I have fired, and absolutely retained in one 
of these vessels, no less a charge than 23 lbs. of powder and 5 lbs. 
of gun-cotton. 

The gauge which I have called the crusher-gauge is here shown 
(Fig. 3). Its action is easily understood. The gas acting on the 

Fig.'3. 


Crusher -Gauge. 

surface of this piston crushes the copper cylinder on which the 
piston rests, and by the amount of the crush the value of the 
pressure can be determined. 

Under certain circumstances great care is necessary in the use 
of these gauges. 

With gun-cotton, for example, with large charges, or high 
density of charge, or when the gun-cotton is detonated, the pro- 
ducts of explosion may be projected with an enormous velocity 
against the piston. In such a case the pressure indicated would 
not be the true gaseous pressux'e— such I mean as would exist 
vrere the products of explosion retained in a vessel impervious to 
heat until the violent waves of pressure generated by the ignition 
had subsided — but to this true gaseous pressure would be super- 
added a portion of the energy stored up in the products of explo- 
sion which we may consider in the light of small projectiles 
striking the gauge and impressing their energy upon it. In our 
earliest experiments on gun-cotton our results, as far as pressure 
was concerned, were found to be valueless from this cause, and we 
resorted to various plans to avoid this inconvenience, the most effec- 
tual of which is shown here (Fig; 4, p. 216), the gases being admitted 
to act on the piston only through an exceedingly small hole, thxig 




Shielded Cecsiiee-Gauce. 

Ill most of the important experiments -with gun-cotton s 
orusher-gange with an unshielded head was placed at the furthei 
extremity from the point of ignition. The pressure indicated 
l>y this gauge denoted that due to the wave I have described. 
_lwo or three other gauges with shielded heads were emnloved 

in other portions of the cylinder to indicate the true gaseous 

pressure, ^ 

Let me give an example to show the effect of this arrangement. 
A charge of about 3-5 lbs. of gun-cotton was fired in a cylinder 
with the crusher-gauges arranged as I have said. Two of the 

of 'LTvT- nf * admitted the gas to the piston through an aperture 
onlj 0 01 inch m diameter; another admitted it throu«-h an 
aperture tour times as great, or 0-02 inch in diameter, white the 
aushei-gauge exposed to the wave-action had its aperture of the 
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that of the exposed gauge was 54 tons per square inch, or 
ahont 8,200 atmosplieres. 

Many more exainjiles might he given, >iit I must not weary 
you with dry iigures ; iny object in inflicting so many on you is to 
show that, where properly xmotectod, the crusher-gauge may bo 
relied upon to give very accordant results. 

As might be expected from the very different quantities of heat 
developed by the explosion of different natures of gunpowder, to 
which I have recently drawn your attention, the temperature at 
■which that explosion takes place likewise varies considerably. 

Calculation places the temperature of explosion of ordinary 
English powuler at a little above 2,000° Centigrade, and the direct 
experiments I have been able to make confirm this estimate. I 
liave submitted to the action of large charges sheet- wire platinum 
and iridio platinum. In all cases the platinum showed signs of 
fusion ; in one case — that of a powder known to produce a high 
temperature — the platinum was completely fused. 

The temperature of ex]3losion of gun-cotton is at least double 
that of gun|)ovrder, and all the internal apparatus we have used 
bear notable signs of the extraordinarily high heat to which they 
have been exposed, as well as to the extreme violence of the 
reaction. 

Platinum wire and sheet either disapjoear altogether or are found 
in minute globules wrelded on to the surfaces of the apparatus. 
The internal crusher-gauges and all projecting parts of the 
apxDaratus j)resent, when considerable charges are used, a most ex- 
traordinary appearance. The temperature to which the cold sur- 
faces are suddenly exposed develops on the surface a network ,of 
minute cracks which sometimes present the a}3pearance of being 
filled uj) with fused steel. 

When the charges are very dense, and, owing to that density, the 
transformation takes place wdth extreme rapidity, or -when the 
gun-cotton is exploded by fulminate of mercury, it frequently 
hapj)ens that small portions of the surface are flaked off. Crusher- 
gauges are sometimes broken transversely, as are also the nozzles 
of any j)arts of the a|>paratus ^DTojecting into the chamber. 

Portions of the ax)j)^^i’9'tus, in no way cxx)osed to the direct 
action of the gun-cotton, are sometimes fractured in the most sin- 
gular manner ; while the correctness of our assumption as to the 
violence of the internal disturbance — mean as to tbe wfxves of 
jDressure passing from ’ one end of the chamber to the other, and 
giving rise to local x^ressure not directly dependent upon the tem- 
perature and the volume of gas evolved— is evidenced by the 
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Ivnoekea about with great force ; a result which does not obtain 
when gunpowder is the explosive employed. 

Crusher-gauges and other portions of our apparatus that have 
been damaged as I have described are on the table. 

Let me draw your attention to some of the evils attendant upon 
a very high temperature of explosion. 

I have described to you some of the more striking effects of the 
high temperature of the explosion of large charges of gun-cotton 
on surfaces exposed to its action. But even when these remark- 
able eflects are not shown, as for example when smaller charges are 
employed, and the cooling influence of large surfaces has more 
influence, the suiffaces still freq^uently show by minute globules of 
metal that they have been in a state of fusion, and these indica- 
tions are (pito perce23tible with gunpowder as well as with gun- 
cotton. 

The very high charges now” employed (830 lbs. have been fired 
in a single charge from a 100-ton gun and 300 lbs. from a gun not 
quite 2o tons in wmight), and the relatively very long time during 
wdiich the high pressure and temperature of the explosion are 
continued, have aggravated to a very serious extent the evils due 
to erosion, and the consequent rajDid wear of the bores of guns. 

I have mentioned that at the moment of exj)losion the surfaces of 
the gun in the vicinity of the charge are in a state of fusion. 

\ ou will readily understand that heated gases passing over these 
lused surfices at a high velocity and jpressure absolutely remove 
that surface and give rise to that erosion w’^hich is so serious an 
evil in guns wLere large charges are employed. 

Suppression of wdndage — that is, making the projectile an exact 
lit to the bore, does much to diminish, but wall not remove erosion 
altogether. The importance of the subject led Sir F. Abel and 
myself to make special investigations into the erosive qualities of 
mim of the powders with which w”e have experimented. As might 
be expected, the erosive effect varies in a very high degree with 
the pressure of the eroding gases, but w ”0 were hardly prepared for 
the great difference in erosive ©fleet between j)owalers varying but 
sbghtly in the pressures they generated. For example, the pow^der 
giving the highest destructive efiect eroded steel under the same 
pressure betw^een three and four times as rapidly as another 
powder capable of giving to a projectile the same ballistic effect. 

Ihe two tubes I hold in my hand show the comparative erosion 

r .if several powders. You will have 

iittio aifficulty,cven from where you sit in observing the difference 
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in tlieir erosive action. Unfortunately, so far powder-makers liave 
not succeeded in giving us a powder at once suitable for Artillery 
purposes and possessing the non-eroding quality so greatly to be 
desired. 

As you will perhaps surmise, although erosion does not appear 
simply to depend on the temperature of explosion, the gunpowder 
which gives the least erosion is that which produces the largest 
quantity of gas and develops the least heat. With the same tem- 
perature of explosion to avoid serious erosion the pressure should 
be kept as low” as possible ; and before leaving this part of my sub- 
ject it may not be out of place to enumerate one or two of the 
causes which have made gunpowder so successful an agent for the 
purposes of the artillerist, which have enabled it, the oldest of all 
explosives, to hold its o%vn as a propelling agent against the 
numerous rivals with which modern science has so lavishly fur- 
nished us. 

In the first place then, gunpowder, as I have already mentioned, 
is a mere mixture, not a definite chemical combination. The 
rapidity of its combustion, it is true, increases very rapidly with 
the pressure, but it is free, or nearly so, from that intense rapidity 
of action, and from those waves of local pressure which are so 
marked with gun-cotton, nitro-glycerine, and other kindred exj)lo- 
sives, when fired in large charges. 

2. The temperature at which the reaction takes place, although 
absolutely very high, is if compared with gun-cotton, for instance, 
very low; and this, as you will gather from the remarks I have 
already made, is a point of great importance when the endurance 
of a gun is taken into account. 

It is perhaps hardly necessary for me to say that I am not one of 
those who advocate or recommend the use of gunpowder giving 
very high initial tensions. Did we follow such a course we should 
lose much and gain little. The bores of our guns would be 
destroyed in a very few rounds. There is no difficulty in making ‘ 
guns to stand pressures very much higher than those to which we 
normally subject them, but then they must be in a serviceable con- 
dition. Nine-tenths of the failures of guns with which I am 
acquainted have arisen, not from inherent weakness of the guns 
when in a perfect state, but from their having, from one cause or 
another, been in a condition in which they were deprived of a 
large portion of their initial strength. 

If to these considerations I add that witii a given weight of 
gun a higher effect can be obtained, if the maximum pressure be 
kept within moderate limits, I trust I have said enough to vindi- 
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cate the correctness of the course which the gun-makers of the 
world have, so far as I know, without exception followed. 

Another advantage possessed by gunpowder over the class of 
explosives with which I am now comparing it, is the comparative 
slowness with which the pressure is 'produced. You are aware 
that the strength of a structure is much more severely tested when 
the load or strain to which it is subjected is ajjplied suddenly ; 
so far as my experience goes, guns do not, to any appreciable 
extent, suffer from the suddenness with -which gunpowder tensions 
are apphed, except in a few isolated cases of exaggerated wave- 
action. But there is no question in my mind that, unless some 
means of certainly moderating the violence of this action be dis- 
covered, both nitro-glycerine and gun-cotton would from this 
cause strain the structure of a gun in a higher degree than is 
due to the pressure actually applied. There is anotheV advantage 
on which I shall have something to say when I come to the enerow 
developed by gunpowder, and that is, its more uniform action, due 
to the presence of solid matter in a finely-divided form, which, 
acting as a source of heat, compensates for the cooling effect due 
to the work done by the expansion of the permanent gases. 

The theoretic pressure developed by gun-cotton, the whole of 
pe products produced by the explosionlbeing in the gaseous state, 

IS not difficfilt to calculate. Bor, having measured by simple 
means, w ich I shall not stop to describe to you, the gun-cotton 
being first exploded at a high pressure, and the gases suffered 
to escape into a gasometer, the measured quantity being subse- 
quonrly reduced to 0° Centigrade and TGO-miUimetre pressure, and 
knowing, at all events approximately, the temperature of explo- 
dens’ity^ ™ ^ position to calculate the pressure at any assumed 

It has been considered by some authorities that, seeing the high 
temperature at wMch the explosion of gunpowder and,1n a mu!h 

indicated ^bv^+I * place, the pressures 

■ ^ ^0 much altered by dissociation. Bor 

oxM?Sd bo split into carbonic 

,xido and oxygen. Let me point out that supposing such disso- 
ciation to take place, the resultant pressure will, as in every case 
of dissociation, be much reduced, notwithstanding that at ordinary 
temperatures and pressures the carbonic oxide and oxygen occupy 
iinhydiidr^*^^ TOlume than does their combination into carbonic 

The cause of this reduction of pressure is the heat absorbed bv 
liould not no, h.,o nllndod to tho 
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it not occasional!}’ Iseen assumed ttat dissociation miglit inereass 
the pressure of fired gunpowder. This it can never do, and, seeing 
the influence that pressure may be taken to have in counteracting 
the effects of temperature with regard to dissociation. Sir F. Abel 
and I, although it is dangerous to be too dogmatical with respect 
to reactions occurring under conditions so enormonsly beyond the 
range, both as regards temi>erature and pressure, of ordinary 
experience, are iuelined to think that both with regard to gun- 
cotton and gunpow'der the effects of dissociation, if they exist at 
all, are practically inapineciable. At all events, the actual pres- 
sures as measured, both in the case of gun-cotton and gunpowder, 
are certainly not below those required by theory. 

Another point requires mention. The explosion of gunpowder 
is gonerall}-, either in the bore of a gun or in a close vessel, 
extremely rapid ; but rapid as it is, when small charges are fired, 
in a large vessel, there is a considerable reduction of pressure from 
tbe cooWg effect of the vessel, owing to the great differeuce of 
temperature between the ignited powder and the vessel. 

With gun-cotton this difference is much more marked, both 
because the weight of the explosive employed in experiments 
is much less, and the temperature of explosion is much higher. 

Between charges of a few ounces and a few pounds, for instance, 
of the same gravimetric density there is a very marked difference 
of pressure. 

The actual pressure reached by the explosion of gun-cottons 
experimented with by Sir F. Abel and myself, assuming the 
gravimetric density of the charge to be unity, would be between 
18,000 and 19,000 atmospheres, or say 120 tons on the square 
inch. 

The pressure I have indicated has not, I need hardly say, 
been reached in our experiments, both because we should have 
had great difficulty in making a vessel to stand such pressures, 
and because charges of such density would not readily he placed 

in the vessels. fn.KP 

The highest pressure actually recorded with a density of 0 So 

was a little over 70 tons on the square inch. The internal gauges 
were entirely destroyed by the explosion, and the pressure mdi- 
cated by the gauge which was not destroyed in the vessel itself 
is subject to some deduction, due to tbe energy of the gases o 

which I have already more than once aUnded. 

The pressures attained by exploded gunpowder are not nearly 
“Sng the same density of unity, the pressure in a closed 
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vessel vitli ordinary powder reaches abont 6,500 atmospheres, or 
about 43 tons on the square inch. We have found it possible 
to incasuro the pressures due to the explosion of charges of con- 
siderably higher density, and have observed pressures of nearly 
60 tons with a density of about 1*2, although the great diffi- 
culty of retaining the products of explosion of heavy charges of 
gunpowder — it is far easier to retain the products of explosion of 
gun-cotton than of gunpowder — makes the determination a little 
doubtful. 

It is unnecessary to point out the great advantage, when violent 
explosions or disruptive effects are required, which gun-cotton 
and its kindred substances j)ossess over gunpowder; on the other 
hand, gunpowder has as yet, despite some disadvantages, no 
competitor which can be compared with it as a j)ropeliing agent 
for artillery purposes ; at all events, in cases where large charges 
are requisite. 

We have now found, in the case of each of the four explo- 
sives which I have taken as types : First, the volume of the 
gases developed by the explosion; second, the amount of heat 
generated ; third, the temperature of the various products ; fourth, 
the pressure existing under given conditions of density. We are, 
then, now in a position, from the known laws of thermo-dynamics, 
to deduce theoretically what will be the energy developed if the 
products of explosion be allowed to expand to any given extent, 
and what will be the total work they are capable of performing* if 
suffered to expand indefinitely. 

Ihe products of the combustion of the first three of my ex- 
plosives being practically all gaseous, the same method of cal- 
culation would bo followed in each case ; and as this method in 
a much more complicated form has also to he employed in consider- 
ing the expansion of gunpowder in the bore of* a gun, I shall, 
in this part of my subject, confine my remarks to gunpowder as 
being at once the most difficult, the most suggestive, and the most 
important. 

But before going to the theoretic considerations involved, you 
may desire to know whether any, and if so what, experimental 
means have been adopted to ascertain in a practical manner the 
energy developed by an explosive in the bore of a gun. 

Now several means have been adopted for this purpose. One 
method has been to employ a gun of different lengths of bore, 
and by measuring tbe velocity of a projectile fired with a given 
charge from three different lengths, to deduce both the energies 
and the mean pressures giving rise to these energies 
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Anotlier inetliod lias been by certain arrangements, by tlie nse, 
for example, of the cnislier-ganges I have described, or by4:he use 
of similar instnnnents placed at different points along the bore, to 
ascertain by direct measurement the pressure existing at such 
points, and from these pressures to deduce both the velocity of the 
projectile and its corresponding energy at these points. The 
objection to this mode of procedure is that, although the crusher- 
gauge under ordinary circumstances, and with slow-burning 
powder, be relied upon to give very correct indications of pressure 
in the powder-chamber, it cannot be relied upon as accurate when 
the gases or other products of explosion are in rapid motion. 

Suppose, for example, a crusher-gauge, or other similar instru- 
ment, to be applied at a point near the muzzle of a gun, when the 
projectile is passing at a very high velocity, say 2000 feet per 
second. Now it is obvious that the layer of gas in contact with the 
projectile is endowed with the same high velocity, and if it be 
diverted so as to act on a pressure-gauge, the pressure-gauge will 
indicate not only the actual gaseous pressure, hut an unknown 
additional quantity due to the energy of the moving products of 
combustion. 

It was from this cause, aggravated, no douht, by a defect in his 
pressure-gauge, that Eodman, the pioneer of this mode of investi- 
gation, determined pressures, tolerably accurate, in the powder- 
chamber, but w^hich along the bore were so much in excess of the 
truth that in some cases his pressures, plotted down so as to form 
a curve, indicated energies three times as great as those actually 
developed in the projectile. 

A third method followed has been by means of a chronoscope, 
designed to measure very minute intervals of time, to ascertain the 
times at which a projectile passes certain fixed points in the bore. 

From these data we may deduce the velocities at all points of the 
bore, and may again from them calculate the pressures necessary 
to produce them. As the chronoscope that has been used for these 
experiments has been often described, I shall not detain you by 
explaining either the mechanical or electrical portions of the 
instrum.ent, but, as bearing on thermo-dynamics, I may mention 
an experience in my earlier investigations with this instrument 
which may be new to yon, as it then was to me. I wished to 
dispense with the toothed gear for driving certain disks, and I had 
imagined if two sheaves or pulleys of equal size were connected by 
a belt so arranged that the belt would not slip on either sheave, 
that the two pulleys must then be rotating with the same angular 
velocity. Such, however, is by no means the case. In my own 
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experiments tlie velocities differed greatly. I supposed tlio fact to 
be altogether new, bnt, as sometimes happens to most investigators, 
afterwards found that the anomaly had been before observed, and 
■was due to the elasticity of the driving-belt I used, and that the 
■work impressed on the driving-wheel, but not commnnicated to 
the driven, was transformed into heat absorbed by and dissij)ated 
from the belt. 

Eeturning now- to the experimental methods I have described, I 
may say shortly that the whole of them have been followed, and 
the results obtained, subject to some anomalies, which I shall stop 
neither to describe nor explain, have been carefully compared, and 
have been found to agree in a most remarkable manner with the 
results indicated .by theory. 

And, for the sake of clearness, let me recapitulate the problem 
with wdiich -we have to deal. Su|)pose a charge of gunpow^der 
placed in the chamber of a gun. Suppose the gravimetric density 
of the charge to bo unity, that it is fired, that it he completely 
exploded before the shot be allowed to move, what, immediately 
prior to the shot being permitted to move, is the state of things in 
the powler-chamher ? 

Eoughly speaking it is as follows 

The products of explosion are divided into two classes of sub- 
stances, about two-fifths by weight of the powder being in the form 
of permanent gases and three-fifths solid matter, the solid matter 
being perfectly liquid at the moment of explosion and in an ex- 
tremely fine state of division. By the combustion is generated 
souic 730 units of heat. The temperature of the explosion is about 
2,200'" Centigrade, or about 4,000^ Pahrenheit, and the exploded 
powder exercises a pressure of about 6,500 atmospheres, or about 
43 tons per square inch, against the walls of the chamber and 
against the projectile. 

Let us now suppose that the projectile wdiich we have hitherto 
supposed to ho rigidly fixed is allowed to move ; that is, that the 
products of combustion are suffered to expand, and let us consider 
what are the relations existing between the density of the gases, 
the pressure they exert, and the velocity of the projectile. 

The first person who attempted to solve this question was 
Hutton. He, however, supposed, as it was not unnatural to do in 
the then state of knowledge, that the tension of the infiamed o^ases 
was directly proportional to their density and inversely as"" the 
space occupied by them. In other words he supposed that the ex- 
pansion of the gases, while performing work, was effected without 
expenditure of heat. 
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De Saint Eoliert, tlie first to apply to artillery tlie modern 
theory of tliernio-dynamies, corrected Hutton’s error, out like 
Hutton he supposed that the whole of the products of combustion 
were in a gaseous state, and as such doing work on the projectile. 

Bunsen and Schischkoff, in their classical researches on gun- 
powder, pointed out that though a slight volatilisation of the solid' 
products could not 1)0 denied, yet that it was in the highest 
degree improbable that the tension of such vapours would ever 
reach a single atmosphere, much less affect the pressures in any 
appreciable degree. 

They therefore assumed that the work done on the projectile 
was due to the expansion of the gaseous products alone, without 
addition or subtraction of heat. 

In the researches made by Sir F. Abel and myself, when we 

Fig. .0. 
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found that the pressures in the bores of guns, and the energies 
generated by gunpo^vder, were far in excess of those deduced from 
Bunsen and Schischkoff’s theory, we came to the conclusion that 
this difference was due to the heat stored up in the solid, or rather 
the liquid, products of combustion. In fact these products, forming 
as they do with ordinary English gunpowder, nearly three-fifths 
of the weight of the powder, being also in a state of v^ry minute 
division, constitute a source of heat of a very perfect charactex*, and 
are available for compensating the cooling effect due to the ex- 
pansion of the gases on the production of work. 

The formula expressing the relation between the pressure and 
tlie volume under these new conditions is of a rather complicated 
character, and instead of giving it to you, I have placed on this 
diagram (Fig. 5) a curve showing the relation between the tension 
and the density of the products of combustion when employed in 
[the INST. O.E. LECT. VOL. 11.] Q , 




lonwiii ouserve that m this diagram tlie tension is represented 
l)y tlio ordinates, the esimnsions by the abscissaj, and the energy 
developed by any given expansion is denoted by the area between 
the con-esponding ordinates, the curve and the axis of absoissse. 

If this theoretic curve be compared with the curve deduced 
from experiments in the bores of guns, after the charge may be 
supposed to be completely consumed, the agreement is most re- 
markable, and affords ample evidence of the approximate cor- 
rectness of the theory. Were the curve derived from exj^eriment 
to bo laid down oxi tbis diagram, the curves, after, as I have said, 
complete comhustion may be assumed to have taken place, are 
scarcely distinguishable. 

In an earlier ixart of my lecture I stated that I could not agree 
with those who are in favour of the strongest — ^meaning by the 
term the most explosive — powder manufactured. 

To show you the advance that has been made by mo vino- in 
exactly the opposite direction, I have exhibited on this dia^am 
(Fig. 6) two guns of precisely the same weight, but, differing in 
date by an interval of ten years. One of these guns is designed to 
fire the old-fashioned E. L. G. ; the other, modern p)owders. 

Observe the difference in the appearance of the guns and in the 
thickness over the powder-charge. 

1 heso cni-ves, you will note, represent the gaseous pressure at 
any point in the passage of the projectiles through the bore and 
their areas represent the total energies developed. 

Observe the difference. The maximum pressure in the older is 
nearly double^ that in the modern gun, while the velocity developed 
by the latter is twice, and the energy not far from three times, that 
of the former; and if we take the foot-tons per inch of shots’ cir- 
cumference to represent approximately the respective ponetratino- 
powers of the projectiles, the superiority of the modern e-un it 
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tlie 10-foot gun is a]>soliitely Baticli longer than its rival, it is, 
taken in relation to the charge, much shorter ; that is, tiie gases 
are discharged at the muzzle at a much higher tension. 

If the modern gun were lengthened so that the products of com- 
bustion were discharged at the same tension, the diherence in 
efficiency would be insignihcant ; and this you can readily under- 
stand, since, if we suppose the maximum tension in the modern 
gun increased to correspond with that in the old, the area indicated 
in the diagram would represent the additional energy to he realised 
by the use of an explosive powder ; but this additional energy 
would be dearly purchased by the necessity of having to double the 
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strength of the gun over the long space occupied by the powder- 
charge, and the same energy could he obtained in a much more 
economical way by adding two or three calibres to the length of 
the gun. 

There is another point that must not he lost sight of. In my 
remarks on the explosion of gun-cotton, I drew attention to tlie 
effects which followed the waves of pressure resulting from tlie 
high velocity of the ignited products. With highly explosive 
powders, especially in long charges, similar effects are observed, 
and in such cases pressures have been registered very greatly 
above those due to the normal action of the charge, while these 
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abnomial pressxires aot during so sliort a time, that they produce 
an almost inappreciable effect upon the motion of tbe proiectile 
riie temperature of tbe gases of course suffers a considerable 
roduction during tbe expansion in tbe boro. If suppose sncb a 
gun as I bare been just describing impervious to beat, tbe loss o^ 
beat due to tbe work done would be about 400° Centigrade It 
would be mucb greater were it not for tbe beat stored up in tbe 
non-gaseous products of combustion. 

«« e^k5™!° ““SJ *t»rea „,> iu 

‘liee m W disomsed, the oalonMon i, 
•flioult. Knowing tbe permanent gases formed, knowino- also 
tbeii specific beats at constant pressure and volume, tbe ordinary 

Xh ISraXT 

as?btveT “‘ft ^POrtant, gunpowder, tbe calculation is, 
as I have already pointed out, soniewbat complicated by tbe non- 

gaseous products. But with tins correction, tbe calculation for 

S 

I liavc shown you that the energy available for anv o-iVA-n 
expansion of a given weight of gunpowder is represented b? tbe 
area continued between tbe curve, tbe axis of aLTssi anKo ' 
ordmates, tbe initial, and that corresponding to the deTsL It 
Tbt of combustion are discharged from tbe gun ‘ 

Pbo total energy obtainable if tbe charge be indofinitelv ev ■ 

,4rdUr;5‘i" dT 

total Puci^ stored up in gunpowder is about 340 000 hilo- 
grainmetres per hilogram of nowder rn* in i ^ t 

tmder 500 foot-tons ^er lb. of powdon ^ ^ 

tlit TreTifpT nrSIJfl -itP 

beincr accustomed +r +i ^ unnaturally, 

nun accustomed to the enormous pressures developed bv cnm 

powder, somewhat astonished at tbe results of our 00 ™^^ 

S' if3Tdr£rf r 

cartiJn Xb forms one‘o?X 

In making this comparison, however, one important point mnst 
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not lie forgotten. Gunpowder and otlier kindred explosives iiave 
stored up in tliem tlie oxygen necessary for tke oxidation tlieir 
carbon, and otlier oxidisaWo substances, wMIe 1 lb. of carbon in 
burning to carbonic acid b,as to draw from tbe air nearly 3 lbs, of 
oxygen, and 1 lb, of hydrogen takes 8 lbs. of oxygen. 

Alany persons, deceived by the high pressures readily developed 
by gunpowder, have imagined that this or other similar explosives 
might be utilized as a motive-power, but the comparison I have 
made will liave convinced you of the futility of any such attempts 
in an economical point of view. 

For though, as I have stated, gunpowder contains the oxygen 
necessary for its own combustion, such oxygen is in a most expen- 
sive form, wdiile the oxygen consumed by coal, being derived from 
the air, costs nothing ; and if 'we take gunpowder as two hundred 
times moi ‘0 costly than coal, and as possessing only one-tenth of 
its potential energy, it follows that as an economic source of 
power coal has the advantage by at least two thousand to one. 

I have stated that the total theoretic work of gunpowder is a 
little under 500 foot-tons per lb. of powder, but you may desire 
to know what proportion of this theoretic work is realised in 
modern artillery. 

Dependent upon conditions with which I need not trouble you, 
the actual energy realised by modern guns varies from about 50 
to a little over 90 foot-tons per lb. of powder, or, let us say, from 
about a tenth to about a fifth of the total theoretic effect. The 
total theoretic effect, you will remember, supposes infinite expan- 
sion, but if we compare the energy expressed in the projectile with 
that due to the expansion of the gases, we shall find that since a 
gun is an extremely simple form of a thermo-dynamic engine, the 
coefficient of effect is high. The average may, I think, he taken 
somewhere about 80 per cent. It rarely falls beloiv 70 per cent., 
and is occasionally, with large guns and charges, considerably 
above 90 per cent. 

But I must^ conclude both my own lecture and the series for this 
year. 

I regret that it has not fallen to the lot of an abler and more 
practised lecturer to give the concluding lecture of a course on so 
important and interesting a subject as that upon which iny 
decessors and I have addressed you. None can he more painfully 
aware than I am that I have been unable to make my lecture 
worthy either of my subject or my audience, and I can only plead, 
in extenuation, that I had no idea that I was to be called upon^ 
until I saw my name announced to give the concluding lecture of 
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tlie course, and that hnsiness claims lia-ve utterly preTented my 
giving fhe time to the snhject which its importance demands. 

Were it necessary to urge upon yonr attention the claims of the 
modern science of thermo-dynamics, I might take, as perhaps the 
most striking instance, the progress of artillery during the last 
quarter of a century. 

Twenty-five years ago onr most powerful piece of artillery was 
a 68-poimder, throwing its projectile with a velocity of 1,570 feet 
per second. 

Now the weight of our guns is increased from 5 tons to 100, 
the projectile from 68 Ihs. to 2,000, the Yelocities from 1,600 feet 
to 2,000 feet, the energies from 1,100 foot-tons to over 52,000 foot- 
tons. 

Large as these figures are, and astonishing as are the energies 
which in a small fraction of a second we are able to impress on a 
projectile of nearly a ton weight, they sink into tlie most absolute 
insignificance when our projectiles are compared witli other pro- 
jectiles, velocities and energies existing in nature, and with which 
we find ourselves surrounded. 

Helmholz has given an estimate >somewhcre of the heat that 
would he developed if our earth were suddenly brought to rest, 
but if, looking at our earth in an artillery point of view, and 
following the principles I have to-night laid down, we considered 
our earth as an enormous projectile, and if wo supposed further, 
that we could utilize the whole energy stored up in gunpowder, 
we should yet require a charge 150 times greater than its own 
weight, or 900 times greater than its volume, to communicate to 
the earth her motion in her orbit. 

It only remains to me to thank you for the attention with which 
you have listened to a lecture which, from its technical nature, 
must necessarily he somewhat dry and uninteresting. 

Sir J. W. Bazalgette, President. — It remains for me only to 
repeat what the gallant lecturer has reminded you of, that we 
have to-night arrived at the last of a series of most interesting 
lectures, and I venture to say that although this lias been the last 
it has not been the least interesting. Our attention has been of 
late called very much to the subject of explosives, not only in 
time of war, hut at home, and it behoves us as engineers to study 
the subject scientifically, and to know something of the materials 
which are used for such purposes. For my own part I must 
confess to a little feeling of nervousness when I saw our friend 
Sir Frederick Abel enter tlie room, but he has to-night treated us 
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very gently- I am sure you -svill agfee mtli me tliat each of tte 
o-entlemcn wlio liave addressed us on tlieir own particular 
brandies of tliis subject bas attained a very, Mgh position, not 
only from liis abilities, but from tie devotion of a life-time to 
studv and experiment, and you will also agree with me that eaci 
of tlicse gentlemen wio ias taken the trouble to concentrate tie 
experione^ of a life-time, and to give it to you and me in one of 
these evening, i'vturcs, is deserving of our best thanks. I also 
venture to tldnk that if any gentleman wio ias attended these 
lectures does not go away a wiser man than ie was at tie 
beo-inniug of them, it ias not been tie fault of tie lecturers. I 
am sure 'j'ou will heartily agree to tie proposal that we should 
first give' a vote of thanks to Captain Noble for his most iuterest- 
ino- lecture, and then we sbould give a combined vote of thanks 
to all the lecturers wio have addressed us this session, and when 
I mention the names of Professor Osborne Keynolds, Mr. "Wm. 
Anderson, Mr.E. A. Cowper, Professor Pleeming Jenkin, Mr. Kirk, 
and Captain Noble, I am sure those names will be sufficient to 
obtain a hearty response. (Carried by acclamation.) 

Captain Noble : I suppose I have taken np enough of your 
time to-night, but I tbank you very much on my own behalf, as 
well as on behalf of my distinguished predeeessora. 
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